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Atom-surface physics: A review

An atom in front of a surface is one of the simplest and fundamental problem in physics. Yet, it allows testing quantum electrodynamics, while providing potential platforms and interfaces for quantum technologies. Despite, its simplicity, combined with strong scientific and technological interests, atom-surface physics, at its fundamental level, remains largely unexplored mainly because of challenges associated with precise control of the atom-surface distance. Nevertheless, substantial breakthroughs have been made over the last two decades. With the development of cold and quantum atomic gases, one has gained further control on atom-surface position, naturally leading to improved precision in the Casimir-Polder interaction measurement. Advances have also been reported in finding experimental knobs to tune and even reverse the Casimir-Polder interaction strength. So far, this has only been achieved for atoms in short-lived excited states, however, the rapid progresses in material sciences, e.g. metamaterials and topological materials has inspired new ideas for controlling the atom-surface interaction in longlived states. In addition, combining nano-photonic and atom-surface physics is now envisioned for applications in quantum information processing. The first purpose of this review is to give a general overview on the latest experimental developments in atom-surface physics. Our second main objective is to sketch a vision of the future of the field, mainly inspired by the abundant theoretical works and proposals available now in literature.

Table of contents 1. Introduction

Among the few macroscopic manifestations of Quantum Mechanics (QM), like Bose-Einstein condensation, Superconductivity or Superfluidity, those linked to the zero-point energy in quantum mechanics and the associated quantum fluctuations of the electromagnetic (EM) field were predicted by Casimir in 1948 [START_REF] Casimir | On the Attraction between Two Perfectly Conducting Plates[END_REF]. The presence of EM quantum fluctuations leads to an attractive Casimir force between two perfectly conducting plates facing each other in vacuum. The same year, Casimir together with Polder [START_REF] Casimir | The Influence of Retardation on the London-van der Waals Forces[END_REF] analyzed the interaction of a neutral, polarizable, microscopic quantum mechanical system (e.g. a neutral ground state atom or molecule) with a reflecting plane surface -an archetype of a microscopic system interacting with a macroscopic body. Their work highlighted the importance of the EM fluctuations in vacuum accounting for retardation effects due to the finite speed of light. The quantum electrodynamics (QED) approach of Casimir and Polder shed new light on the problem of atom-surface interactions, going beyond the electrostatic description of a dipole interacting with its surface-induced image that was proposed by Lennard-Jones in 1932 [START_REF] Lennard-Jones | Processes of adsorption and diffusion on solid surfaces[END_REF]. This ground-breaking theoretical work [START_REF] Casimir | The Influence of Retardation on the London-van der Waals Forces[END_REF] was later generalized to account for the dielectric response of the material, the influence of thermal fluctuations as well as short-lived excited state atoms, [START_REF] Lifshitz | The theory of molecular attractive forces between solids[END_REF], [START_REF] Dzyaloshinskii | The general theory of van der Waals forces[END_REF] [6], [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF].

The first precision measurements of atom-surface interactions were achieved more than forty years after Casimir's theory, using thermal beams of alkali atoms [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF], [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF] or selective reflection spectroscopy in alkali vapor cells [START_REF] Oria | Spectral Observation of Surface-Induced Van der Waals Attraction on Atomic Vapour[END_REF], [START_REF] Bloch | Atom-wall interaction[END_REF]. Around the same time, the development of laser cooling and trapping also opened new perspectives in Casimir-Polder (CP) measurement [START_REF] Landragin | Measurement of the van der Waals Force in an Atomic Mirror[END_REF]. Experiments based on cold atoms or ions have flourished over the last twenty years, allowing CP precision measurements from the nano [START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF], the micro [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF], and up to macroscopic distances [START_REF] Bushev | Forces between a Single Atom and Its Distant Mirror Image[END_REF]. Additionally, the influence of thermal fluctuations in CP interactions was also experimentally investigated [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF], [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], following the remarkable realization of thermal field coherence at the vicinity of surfaces [START_REF] Shchegrov | Near-Field Spectral Effects due to Electromagnetic Surface Excitations[END_REF], [START_REF] Greffet | Coherent emission of light by thermal sources[END_REF] and booming studies of near-field energy transfer [START_REF] Joulain | Surface electromagnetic waves thermally excited: Radiative heat transfer, coherence properties and Casimir forces revisited in the near field[END_REF]. Finally, the 21 st century has brought significant advances in the field of nanofabrication, nanophotonics and material sciences. These remarkable new technologies have allowed a new generation of hybrid systems putting atoms in close proximity to solid state platforms [START_REF] Chang | Colloquium : Quantum matter built from nanoscopic lattices of atoms and photons[END_REF] thus making the possibility of controlling atom-surface interactions a key issue in CP physics.

A major part of this review focuses on the latest developments in CP precision measurement and in new exciting prospects for tuning atom-surface interactions using new materials. At first, in chapter 2, we present an overview of theoretical developments in CP theory. The theoretical works based on the quantum-mechanical linear-response formalism and Green function approach to both atom and EM field susceptibilities is discussed in detail. The influence of surface thermal excitations at non-zero temperature is also considered. Both CP-induced atomic energy level shifts and level decay rates are reviewed.

In Chapter 3, we describe the various experimental approaches used to study the atom-surface interactions. Historically the first experiments were based on the mechanical deflection of thermal atomic beams by the CP forces exerted by plane or cylindrical materials. Later, those studies were extended with ultracold atom. Another approach was simultaneously developed, based on spectral measurements of the CP-induced atomic transition frequency shifts in confined atomic vapors, via either selective reflection spectroscopy or spectroscopic probing of thin vapor cells. In an alternative manner, interferometric measurements in material nanogratings were developed from the 2000's, giving access to the phase shift induced on atomic matter waves by the atom-surface potential.

In Chapter 4, various ways of using surface plasmon/phonon polariton modes to tune CP interactions and make them resonant with atomic transitions are explored. One approach relies on temperature tuning of the material surface in order to control the level of thermal excitations of the surface mode. An alternative way is based upon specially designed nanostructured metasurfaces to control the surface plasmon frequency and tune it around atomic resonances.

Chapter 5 focuses on new materials, which could be potentially used as interfaces: material nanostructures and metamaterials, magnetic materials, and topological materials. The importance of anisotropic materials in the search for CP repulsion is underlined.

Finally, in chapter 6, we give an outlook of the field. We envision the growing importance of nanotechnologies and topological material to engineer atom-surface interaction. Moreover, we point out the emergence of new type of quantum emitters such as molecules and Rydberg atoms to explore CP interaction beyond the electric dipole approximation.

Theory background

In this chapter, we summarize the theoretical methods to address electromagnetic (EM) mediated interaction of an atom with a solid object at its vicinity. More precisely, how the energy levels of the atom are shifted, and how the excited state lifetimes are modified. A breakthrough contribution came, in 1948, from Casimir and Polder who derived the atom-wall interaction, accounting for the retardation effects [START_REF] Casimir | The Influence of Retardation on the London-van der Waals Forces[END_REF]. A few years later, the theory was reconsidered using modern quantum electrodynamics (QED) [START_REF] Dzyaloshinskii | The general theory of van der Waals forces[END_REF]; subsequently, the linear-response formalism was applied to an arbitrary flat interface; see for example [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF]. More recently, this approach has been used to explore dielectric [START_REF] Contreras Reyes | Casimir-Polder interaction between an atom and a dielectric slab[END_REF] or metallic slabs, new materials with exotic permittivity, like hyperbolic materials, or two-dimensional materials, such as graphene or Chern insulators (see chapter 5 for more details). Other geometrical configurations such as spheres or cylinders were also considered. In the large size limit, the CP interaction weakly depend on the object geometry [START_REF] Jhe | Casimir-Polder energy shift of an atom near a metallic sphere[END_REF]- [START_REF] Klimov | Radiative frequency shift and linewidth of an atom dipole in the vicinity of a dielectric microsphere[END_REF]. However, with the recent advances of nanophotonics, it is now possible to precisely design objects with sizes comparable to the characteristic resonant wavelength of the atom [26]. Here, CP interaction is strongly modified [START_REF] Alhambra | Casimir forces on atoms in optical cavities[END_REF]. These nano-objects can be isolated or arranged in periodic manner, to form bulk or surface metamaterials and can be used to tune the atom-surface interaction (see Chapters 4 and 5). Some of these nanophotonics devices behave as open optical resonators, characterized by a limited number of quasi-normal modes. Here, the main motivation is to achieve strong coupling between a quantum emitter and one of the quasinormal mode [START_REF] Baranov | Novel Nanostructures and Materials for Strong Light-Matter Interactions[END_REF]. Theoretical predictions are performed using QED and linear-response formalism, with a challenging task to properly compute the spatial extension of the quasi-normal mode [START_REF] Lalanne | Light Interaction with Photonic and Plasmonic Resonances[END_REF]. A detailed discussion of this issue, which is still an active subject of research, is beyond the scope of the present review, and we limit ourselves to highlight the common theoretical approach for both CP interaction and nanophotonics.

Casimir-Polder energy shift

We now calculate how the energy levels and emission rate of the atom is modified by the presence of surrounding materials. The atom is here considered as a point source (electric dipole approximation), characterized by optical frequencies 𝜔 𝑚𝑘 = (𝐸 𝑚 -𝐸 𝑘 )/ℏ with electric dipole moments 𝒅 𝑚𝑘 . First, let's consider the CP shift of the energy level of an atomic state. This arises due to the interaction of the atom with radiation, and can be calculated using second-order perturbation theory. We assume that the system consists of an atom in a given state interacting with radiation, which exists in an ensemble of thermal states. In the absence of atom-radiation interaction, a given eigenstate of the system can be expressed as |𝑖〉 ⊗ |𝐼⟩ (where |𝑖⟩ and |𝐼⟩ are respectively the atomic state and the radiation field state), which obeys

𝐻 0 |𝑖〉 ⊗ |𝐼⟩ = (𝐸 𝑖 + 𝐸 𝐼 )|𝑖〉 ⊗ |𝐼⟩.
2.1 Here 𝐸 𝑖 and 𝐸 𝐼 are the energies of the atomic state |𝑖⟩ and radiation field state |𝐼⟩, respectively. In the presence of a weakly perturbing interaction 𝐻 𝐼 , the system's overall eigenstate is modified to

|𝜓⟩ = |𝑖〉 ⊗ |𝐼⟩ + ∑ (𝜆𝑐 𝑘𝐾 (1) + 𝜆 2 𝑐 𝑘𝐾 (2) )|𝑘〉 ⊗ |𝐾⟩ ′ 𝑘,𝐾 , 2. 2
where the primed symbol means that the states |𝑘〉 ⊗ |𝐾⟩ are distinct from |𝑖〉 ⊗ |𝐼⟩. The energy equation becomes (𝐻 0 + 𝜆𝐻 𝐼 )|𝜓⟩ = (𝐸 𝑖 + 𝐸 𝐼 + 𝜆𝛿𝐸 (1) + 𝜆 2 𝛿𝐸 (2) )|𝜓⟩,

2.3

where 𝜆 𝑛 denotes the nth order of the perturbation expansion, 𝑐 𝑘𝐾 (1) and 𝑐 𝑘𝐾 (2) are respectively the firstand second-order perturbation corrections to the eigenstate of the system, and 𝛿𝐸 (1) and 𝛿𝐸 (2) are the corresponding corrections to the eigenenergy of the system. At first order in the perturbation expansion, we find that 𝛿𝐸 (1) = 0 and 𝑐 𝑖𝐼 (1) = ⟨𝐼| ⊗ ⟨𝑖|𝐻 𝐼 |𝑘⟩ ⊗ |𝐾⟩ 𝐸 𝑘 + 𝐸 𝐾 -𝐸 𝑖 -𝐸 𝐼 .
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At second order in the perturbation expansion, we find 𝛿𝐸 (2) = ∑ 𝑐 𝑘𝐾 (1) 

2.5

This energy shift is obtained assuming that the unperturbed radiation field state is |𝐼⟩, which occurs with a probability of 𝑃(𝐼). As there is an ensemble of such states, we need to average the energy shift over the entire ensemble, after which we obtain the shift in the (free) energy of the atomic state |𝑖⟩: where the angular brackets denote ensemble averaging at the given temperature, and 𝜃(𝑡) is a Heaviside step function with the value of 1 (0) if 𝑡 > 0 (𝑡 < 0). The dyadic green function 𝑮(𝒓, 𝒓′, 𝜔), essentially gives the electric field at 𝒓 emitted by a point source at a position 𝒓′ [START_REF] Novotny | Principles of nano-optics[END_REF]. Importantly, the fluctuation-dissipation theorem in the linear-response theory enables one to relate the imaginary part of the dyadic Green function, which is a classical quantity, to the electric field correlation function 𝑪(𝒓, 𝒓′, 𝜔) = ∫ 𝑑𝑡〈𝑬(𝒓, 𝑡)𝑬(𝒓′, 0)〉𝑒 𝑖𝜔𝑡 [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF], [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], which can be computed in the framework of quantum electrodynamics, in which vacuum fluctuations are properly taken into consideration. When material surfaces are present, the dyadic green function can be decomposed in the following manner, 𝑮(𝒓, 𝒓′, 𝜔) = 𝑮 (0) (𝒓, 𝒓 ′ , 𝜔) + 𝑮 (𝑠𝑐) (𝒓, 𝒓 ′ , 𝜔), 2.9

Δ𝐸 𝑖 = ∑ 𝑃(𝐼)𝛿𝐸 (2) = 𝐼 1 ℏ P ∑ 𝑃(𝐼) |⟨𝐼| ⊗ ⟨𝑖|𝐻 𝐼 |𝑘⟩ ⊗ |𝐾⟩|
where 𝑮 (0) (𝒓, 𝒓 ′ , 𝜔) is the dyadic green function in free space and 𝑮 (𝑠𝑐) (𝒓, 𝒓′, 𝜔) is the scattering term taking into consideration the spatial structure of the electric permittivity and magnetic permeability.

By making use of linear-response theory, the details of which are presented fully in Refs. [START_REF] Bushev | Forces between a Single Atom and Its Distant Mirror Image[END_REF] and [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], one finds that there are resonant and non-resonant contributions to the energy shift of the state |𝑚⟩:

Δ𝐸 𝑚 (𝒓) = Δ𝐸 𝑚 (𝑟) (𝒓) + Δ𝐸 𝑚 (𝑜𝑟) (𝒓) 2.10
where Δ𝐸 𝑚 (𝑟) denotes the resonant contribution and Δ𝐸 𝑚 (𝑜𝑟) denotes the off-resonant contribution. The temperature dependence of the non-resonant term of the CP interaction has been studied since Lifshitz [START_REF] Lifshitz | The theory of molecular attractive forces between solids[END_REF] and McLachlan [START_REF] Mclachlan | Retarded dispersion forces in dielectrics at finite temperatures[END_REF], while complete treatments of the thermal effects, including resonant interactions were presented much later [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], [START_REF] Barton | Van der Waals shifts in an atom near absorptive dielectric mirrors[END_REF], [START_REF] Buhmann | Thermal Casimir versus Casimir-Polder Forces: Equilibrium and Nonequilibrium Forces[END_REF].

Nonzero temperature

For nonzero temperature, besides downward atomic transitions |𝑚⟩ → |𝑘⟩ (where 𝜔 𝑘𝑚 < 0), there can also be upward atomic transitions |𝑚⟩ → |𝑘⟩ (where 𝜔 𝑘𝑚 > 0) due to excitation by thermal photons. Taking these two types of transitions into account, the resonant contribution is given by [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF]:

Δ𝐸 𝑚 (𝑟) (𝒓) = 𝜇 0 ∑ 𝜔 𝑘𝑚 2 n(𝜔 𝑘𝑚 , 𝑇)𝒅 𝑚𝑘 Re{𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝜔 𝑘𝑚 )}𝒅 𝑘𝑚 𝑘>𝑚 2.11 -𝜇 0 ∑ 𝜔 𝑘𝑚 2 [1 + n(𝜔 𝑚𝑘 , 𝑇)]𝒅 𝑚𝑘 Re{𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝜔 𝑚𝑘 )}𝒅 𝑘𝑚 𝑘<𝑚 .
Here, 𝜇 0 = 4𝜋 × 10 -7 H/m is the vacuum permeability, 𝒅 𝑘𝑚 is the matrix element for a dipole transition from |𝑚⟩ → |𝑘⟩, and n(𝜔, 𝑇) = (𝑒 ℏ𝜔/𝑘 𝐵 𝑇 -1) -1 is the mean occupation number according to Bose-Einstein statistics at the transition frequency.

The off-resonant term is expressed in terms of a summation over the Matsubara frequencies, 𝜉 𝑝 = 2𝜋 𝑘 𝐵 𝑇 ℏ 𝑝 that is given by [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], [26] Δ𝐸 𝑚 (𝑜𝑟) 

(𝒓) = 2𝜇 0 𝑘 𝐵 𝑇 ℏ ∑ ∑ ′ 𝜔 𝑚𝑘 𝜉 𝑝 2 𝜔 𝑚𝑘 2 + 𝜉 𝑝 2 𝒅 𝑚𝑘 𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝑖𝜉 𝑝 )𝒅 𝑘𝑚 ∞ 𝑝=0 𝑘 .

2.12

Here, the prime symbol signifies that the first term of the sum should be multiplied by 1/2. The symbol 𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝜔) denotes the scattering Green tensor for a dipole of frequency 𝜔 interacting with its own reflected field (𝒓 ′ = 𝒓). For a single dielectric interface which preserves Lorentz reciprocity, the scattering Green tensor is given by [START_REF] Buhmann | Casimir-Polder forces: A nonperturbative approach[END_REF] 𝑮 (𝑠𝑐) 

(𝒓, 𝒓, 𝜔) = 𝑖 8𝜋 ∫ 𝑑𝑞 𝑞 𝑒 2𝑖√(𝜔/𝑐) 2 -𝑞 2 𝑧 √(𝜔/𝑐) 2 -𝑞 2 ∞ 0 (𝑟 𝑠 ( 1 0 0 0 1 0 0 0 0 ) + 𝑟 𝑝 𝑐 2 𝜔 2 ( 𝑞 2 -(𝜔/𝑐) 2 0 0 0 𝑞 2 -(𝜔/𝑐) 2 0 0 0 2𝑞 2 
)),

2.13

where 𝑟 𝑠 = (𝜇√(𝜔/𝑐) 2 -𝑞 2 -√𝜀𝜇(𝜔/𝑐) 2 -𝑞 2 )/(𝜇√(𝜔/𝑐) 2 -𝑞 2 + √𝜀𝜇(𝜔/𝑐) 2 -𝑞 2 ) and 𝑟 𝑝 = (𝜀√(𝜔/𝑐) 2 -𝑞 2 -√𝜀𝜇(𝜔/𝑐) 2 -𝑞 2 )/(𝜀√(𝜔/𝑐) 2 -𝑞 2 + √𝜀𝜇(𝜔/𝑐) 2 -𝑞 2 ) are respectively the reflection coefficients for the s-and p-polarized waves. Equations (2.11) and (2.12) give the general form of the energy shift of an atomic state. In the remaining part of this section, we will give practical examples in various regimes.

Near-field: non-retardation limit

Now we turn to the near-field limit of the atom-surface interaction, which corresponds to 𝑧 ≪ 𝜆 4𝜋 (or equivalently, 𝑧√|𝜀𝜇||𝜔 𝑚𝑘 |𝑐 ≪ 1), where 𝑧 is the distance of the atom above the surface and λ is the wavelength of the dipole coupling. Let us consider a configuration in which the half-space 𝑧 < 0 is filled up with a non-magnetic and homogeneous material. In the near-field limit, the scattering dyadic Green function in Eq. (2.13) takes the following simple form [START_REF] Buhmann | Casimir-Polder forces: A nonperturbative approach[END_REF] 𝑮 (𝑠𝑐) 

𝐶 3 𝑚→𝑘 ≡ 1 64𝜋𝜀 0 ℎ [|𝒅 𝑚𝑘 | 2 + (𝒅 𝑚𝑘 • 𝑧) 2 ].

2.16

We thus see that in the near field, both terms follow the van der Waals law, having a distance dependence of 𝑧 -3 , and the 𝐶 3 coefficient quantifies the strength of the van der Waals interaction with a perfect conductor. The situation corresponds to the non-retarded CP interaction (also called van der Waals interaction) where the atom-interface distance 𝑧 is sufficiently small such that the phase rotation of the field during propagation can be disregarded. It is common to consider an isotropic atom (an average over all m quantum numbers) [START_REF] Chevrollier | High resolution selective reflection spectroscopy as a probe of long-range surface interaction : measurement of the surface van der Waals attraction exerted on excited Cs atoms[END_REF]. In this case we find that the van der Waals coefficient of the |𝑚⟩ → |𝑘⟩ coupling for a perfect conductor is given by:

𝐶 3 𝑚→𝑘 ~𝐴𝑚𝑘 |𝜔 𝑚𝑘 | -3 , 2.17
where 𝐴 𝑚𝑘 is the transition probability of the |𝑚⟩ → |𝑘⟩ coupling. Transition probability tables for alkali atoms can be found in [START_REF] Heavens | Radiative Transition Probabilities of the Lower Excited States of the Alkali Metals[END_REF], [START_REF] Lindgård | Transition probabilities for the alkali isoelectronic sequences Li I, Na I, K I, Rb I, Cs I, Fr I[END_REF], [START_REF] Safronova | Magic wavelengths, matrix elements, polarizabilities, and lifetimes of Cs[END_REF].

Far-field: Retardation effect

The resonant and non-resonant terms of the CP interaction have significantly different behaviors as a function of distance. The non-resonant term distance dependence decays rather quickly from a 𝑧 -3 to a 𝑧 -4 regime, first studied by Casimir and Polder in [START_REF] Casimir | The Influence of Retardation on the London-van der Waals Forces[END_REF]. Retardation effects of the non-resonant CP contribution have been extensively studied theoretically [START_REF] Hinds | Cavity QED level shifts of simple atoms[END_REF], [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], and experimentally with ground state alkali atoms [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF], [START_REF] Landragin | Measurement of the van der Waals Force in an Atomic Mirror[END_REF], [START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF] for distances ranging from ∼ 50-500 nm. In the so-called Lifshitz regime [START_REF] Lifshitz | The theory of molecular attractive forces between solids[END_REF], where the separation distance 𝑧 is greater than the thermal wavelength 𝜆 𝑇 = ℏ𝑐/𝑘 𝐵 𝑇 (typically ∼ 7 µm at room temperature) for regular dielectric materials, the non-resonant contribution falls back to a 𝑧 -3 distance dependence that has been predicted theoretically [START_REF] Mclachlan | Retarded dispersion forces in dielectrics at finite temperatures[END_REF], [START_REF] Obrecht | Measurement of the Temperature Dependence of the Casimir-Polder Force[END_REF] but never demonstrated experimentally [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF]. In the Lifshitz regime, only the zero Matsubara frequency term contributes to the scattering Green tensor as the contributions with nonzero Matsubara frequencies are exponentially suppressed, thus the non-resonant CP interaction becomes

Δ𝐸 𝑚 (𝑜𝑟) (𝒓) = - 4𝜋 𝑧 3 ∑ 𝐶 3 𝑚→𝑘 𝑘 𝐵 𝑇 𝜔 𝑚𝑘 𝜀(0) -1 𝜀(0) + 1 𝑘 .

2.18

The resonant term of the CP interaction decays more slowly with distance [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF], [START_REF] Hinds | Cavity QED level shifts of simple atoms[END_REF], [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF] compared to the off-resonant term discussed above. In the far-field regime 𝑟 ≫ 𝜆 𝑚𝑘 4𝜋 , where 𝜆 𝑚𝑘 is the wavelength of a given |𝑚⟩ → |𝑘⟩ dipole coupling, the resonant term oscillates from repulsion to attraction with a periodicity of 𝜆 𝑚𝑘 /2, a typical behavior of a classical oscillating dipole that interacts with its own reflected field [START_REF] Hinds | Cavity QED level shifts of simple atoms[END_REF]. In the far-field approximation, the distance dependence of the |𝑚⟩ → |𝑘⟩ contribution, Δ𝐸 𝑚𝑘 (𝑟) (𝒓), on the resonant CP term becomes [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF]:

Δ𝐸 𝑚𝑘 (𝑟) (𝒓) ∝ - 1 𝑧 |𝜌(𝜔 𝑚𝑘 )| cos ( 4𝜋 𝜆 𝑚𝑘 𝑧 + 𝜙(𝜔 𝑚𝑘 )), 2.19
where 𝜌(𝜔 𝑚𝑘 ) is the reflection coefficient of the surface at the transition frequency and 𝜙(𝜔 𝑚𝑘 ) is its argument. The temperature dependence of the resonant term is given in Eq. (2.11) depending on the nature of the coupling (absorption or emission).

Zero temperature

The preceding formulas are valid for atomic transition frequencies for which ℏ𝜔 is comparable to or less than 𝑘 𝐵 𝑇. For optical frequencies, ℏ𝜔/𝑘 𝐵 𝑇 ≫ 1, and the effect of temperature can be ignored. At zero temperature, the upward couplings are absent, and the resonant CP energy shift becomes [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF] , [26] Δ𝐸 𝑚 (𝑟) (𝒓) = -𝜇 0 ∑ 𝜔 𝑚𝑘 2 𝒅 𝑚𝑘 Re{𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝜔 𝑚𝑘 )}𝒅 𝑘𝑚 𝑘<𝑚 .

2.20

The off-resonant contribution at zero temperature reads [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF] , [26] Δ𝐸 𝑚 (𝑜𝑟) (𝒓) = -

𝜇 0 𝜋 ∑ 𝜔 𝑚𝑘 ∫ 𝑑𝜉 𝜉 2 𝜔 𝑚𝑘 2 +𝜉 2 𝒅 𝑚𝑘 𝑮 (𝑠𝑐) (𝒓, 𝒓, 𝑖𝜉)𝒅 𝑘𝑚 ∞ 0 𝑘 . 2.21
Eqs. (2.20) and (2.21) can be obtained using the linear response theory [START_REF] Agarwal | Quantum electrodynamics in the presence of dielectrics and conductors. I. Electromagnetic-field response functions and black-body fluctuations in finite geometries[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF]. Another approach using a macroscopic quantum electrodynamic theory at the lower-order perturbation lead to same result [START_REF] Buhmann | Casimir-Polder forces: A nonperturbative approach[END_REF], [START_REF] Buhmann | The van der Waals energy of atomic systems near absorbing and dispersing bodies[END_REF]. The latter integral in Eq. (2.21) is performed along the positive imaginary frequency axis, which does not have poles. Singularities due to atomic resonance are taken into account in the resonant term corresponding to Eq. (2.20). The resonant part comes from a resonant energy transfer between the atom and the material surface, which occurs when the atom has a de-excitation frequency matching one of the absorption frequencies of the surface, and a real photon emitted by the atom then gets absorbed by the surface. In the ground state of the atom, only the off-resonant term is non-zero. It comes from the fluctuation of the dipole moment induced by the vacuum and has a clear quantum origin [START_REF] Buhmann | Casimir-Polder forces: A nonperturbative approach[END_REF]. The dyadic green function in free space gives also a non-zero contribution which is the celebrated Lamb shift [START_REF] Lamb | Fine Structure of the Hydrogen Atom by a Microwave Method[END_REF]. Since the vacuum Lamb shift gives a position-independent energy shift, it is included in the definition of the atomic energies.

We note that the dyadic Green function in Eqs (2.20) and (2.21) needs to be evaluated at the atom position where both emission and field positions are merged. This feedback mechanism of the field on its own emitter can be interpreted as closed loop Feynman diagram, where the field is exploring the surrounding environment before coming back to the atom. 

Δ𝐸 𝑚 (𝑟) (𝒓) = - 1 32𝜋𝜀 0 𝜔 2 𝑧 3 ∑ 𝜔 𝑚𝑘 2 Re { 𝜀(𝜔 𝑚𝑘 )-1 𝜀(𝜔 𝑚𝑘 )+1 } [|𝒅 𝑚𝑘 | 2 + (𝒅 𝑚𝑘 • 𝑧) 2 ] 𝑘<𝑚 , 2.22a Δ𝐸 𝑚 (𝑜𝑟) (𝒓) = - 1 32𝜋 2 𝜀 0 𝑧 3 ∑ 𝜔 𝑚𝑘 [|𝒅 𝑚𝑘 | 2 + (𝒅 𝑚𝑘 • 𝑧) 2 ] ∫ 𝑑𝜉 1 𝜔 𝑚𝑘 2 +𝜉 2 𝜀(𝑖𝜉)-1 𝜀(𝑖𝜉)+1 +∞ 0 𝑘 , 2.22b
for the resonant and off-resonant contribution, respectively.

Those expressions trigger several important comments. First, we note the energies follow a 𝑧 -3 position dependence, as it is expected for a dipole interacting with its own image though the material [START_REF] Jackson | Classical Electrodynamics, 3rd ed[END_REF]. Second, the off-resonant term is negative leading to the usual attractive Van der Waals force for an atom in the ground state. However, one may have |𝜀(𝜔 𝑚𝑘 )| < 1, indicating a repulsive resonant CP interaction that might become the dominant term in the excited state. This effect occurs if surface resonant modes in the material have their frequency at the vicinity of an atomic resonance (see section 4). Finally, we note that the dyadic Green function is not isotropic leading to mechanical action that depends on the dipole orientation [START_REF] Boustimi | Metastable rare gas atoms scattered by nano-and micro-slit transmission gratings[END_REF], and atomic level mixing [START_REF] Boustimi | Atom Symmetry Break and Metastable Level Coupling in Rare Gas Atom-Surface van der Waals Interaction[END_REF].

Decay rate

Similar to the CP energy shift, the decay rate Γ 𝑚 (𝒓) of an atomic state |𝑚⟩ can also be expressed in terms of the dyadic Green function. The decay rate is expressed by [START_REF] Buhmann | Casimir-Polder forces: A nonperturbative approach[END_REF] Γ

𝑚 (𝒓) = ∑ Γ 𝑚𝑘 𝑘 (𝒓), 2.23
where for the general case of nonzero temperature, all allowed dipole couplings are included in the summation, including upward couplings which are due to the presence of thermal photons. (At zero temperature, the upward couplings would be absent). The decay rate for an upward channel |𝑚⟩ → |𝑘⟩ (where 𝜔 𝑚𝑘 < 0) reads [START_REF] Buhmann | Thermal Casimir versus Casimir-Polder Forces: Equilibrium and Nonequilibrium Forces[END_REF] [32], [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], [START_REF] Buhmann | Thermal Casimir versus Casimir-Polder Forces: Equilibrium and Nonequilibrium Forces[END_REF] Γ 𝑚𝑘 (𝒓) = 2𝜇 0 ℏ 𝜔 𝑚𝑘 2 𝒅 𝑚𝑘 n(𝜔 𝑘𝑚 , 𝑇)Im{𝑮(𝒓, 𝒓, 𝜔 𝑘𝑚 )}𝒅 𝑘𝑚 Θ(𝜔 𝑘𝑚 ).

2.24

In the case of a downward coupling (where 𝜔 𝑚𝑘 > 0) the decay rate now reads

Γ 𝑚𝑘 (𝒓) = 2𝜇 0 ℏ 𝜔 𝑚𝑘 2 𝒅 𝑚𝑘 [1 + n(𝜔 𝑚𝑘 , 𝑇)]Im{𝑮(𝒓, 𝒓, 𝜔 𝑚𝑘 )}𝒅 𝑘𝑚 Θ(𝜔 𝑚𝑘 ). 2.25

Zero temperature

As in the case of the CP energy shift, the above formulas can be approximated by their zero temperature limits for optical frequencies. For such a case, upward transition channels are absent, and the decay rate in Eq. (2.25) becomes

Γ 𝑚 (𝒓) = ∑ Γ 𝑚𝑘 𝑘<𝑚 (𝒓), 2.26 
where

Γ 𝑚𝑘 (𝒓) = 2𝜇 0 ℏ
𝜔 𝑚𝑘 2 𝒅 𝑚𝑘 Im{𝑮(𝒓, 𝒓, 𝜔 𝑚𝑘 )}𝒅 𝑘𝑚 .

2.27

Since we consider 𝑇 = 0, the vacuum modes are not populated, and the summation in Eq. (2.25) is done over the energy levels located below the level m in consideration. Moreover, the dyadic Green function depends only on the atomic frequency 𝜔 𝑚𝑘 , where the free space component gives the usual natural decay rate in vacuum, and the scattering term its modification due to the presence of the material. More precisely, the local density of state 𝜌(𝒓, 𝜔 𝑚𝑘 ) that enters in the derivation of the state decay rate Γ 𝑚𝑘 = 𝜋𝒅 𝑚𝑘 2 𝜔 𝑚𝑘 𝜌(𝒓, 𝜔 𝑚𝑘 )/(3ℏ𝜀 0 ), using the Fermi-golden rule, reads [START_REF] Novotny | Principles of nano-optics[END_REF], [START_REF] Narayanaswamy | Dyadic Green's functions and electromagnetic local density of states[END_REF], [START_REF] Tai | Dyadic Green functions in electromagnetic theory[END_REF]:

𝜌(𝒓, 𝜔 𝑚𝑘 ) = 6𝜔 𝑚𝑘
𝜋𝑐 2 𝒖 𝑚𝑘 * Im{𝑮(𝒓, 𝒓, 𝜔 𝑚𝑘 )}𝒖 𝑚𝑘 . 𝒖 𝑚𝑘 = 𝒅 𝑚𝑘 /|𝒅 𝑚𝑘 | is the unitary vector along the direction of the dipole moment.

Near-field/non-retardation limit

In the near-field limit, the fluorescence decay rate of the atomic dipole can be approximated by

Γ 𝑚 (𝑟) (𝒓) = 1 16𝜋𝜀 0 ℏ𝑧 3 ∑ Im { 𝜀(𝜔 𝑚𝑘 ) -1 𝜀(𝜔 𝑚𝑘 ) + 1 } [|𝒅 𝑚𝑘 | 2 + (𝒅 𝑚𝑘 • 𝑧) 2 ] 𝑘<𝑚 .

2.28

This equation describes the modification of the decay rate due to the presence of evanescent surface mode, and was experimentally demonstrated in cesium vapour cell [START_REF] Failache | Resonant Quenching of Gas-Phase Cs Atoms Induced by Surface Polaritons[END_REF].

Open optical resonators

In the previous subsections, we have seen how the modification of the dipolar emission and the CP energy shift of an atom at the vicinity of a material can be evaluated using the dyadic Green function.

In general, analytical expressions of the dyadic Green function are not available [START_REF] Novotny | Principles of nano-optics[END_REF], [START_REF] Tai | Dyadic Green functions in electromagnetic theory[END_REF], and the development of numerical methods to address this problem are still an active research subject [START_REF]RETICOLO software for grating analysis[END_REF].

However, in some cases relevant here, the dyadic function can be expressed in a simple form, like for the CP interaction in the non-retarded limit. In the presence of quasi-normal modes, no general expression exists, but one can use a spectral representation that gives interesting insights and allows one to compute relevant quantities, such as the Purcell factor.

As an example where the quasi-normal modes approach is used, we consider open optical resonators (which can be nanorods or nanospheres). Here the quasi-normal modes approach is used since the system is characterized by resonances as well as field relaxation [START_REF] Sauvan | Theory of the Spontaneous Optical Emission of Nanosize Photonic and Plasmon Resonators[END_REF], [START_REF] Lassalle | Interplay between spontaneous decay rates and Lamb shifts in open photonic systems[END_REF]. If a few quasi-normal modes are enough to describe the response of the system, it is convenient to use the spectral representation of the dyadic Green function [START_REF] Doost | Resonant-state expansion applied to threedimensional open optical systems[END_REF], [START_REF] Muljarov | Exact mode volume and Purcell factor of open optical systems[END_REF],

𝑮 (𝑠𝑐) (𝒓, 𝒓 ′ , 𝜔) = 𝑐 2 ∑ 𝑬 𝛼 (𝒓)⊗𝑬 𝛼 (𝒓 ′ ) 2𝜔(𝜔 𝛼 -𝜔) 𝛼 . 2.29
𝑬 𝛼 are the field of the quasi-normal modes. The sum is over all the relevant modes of complex frequency 𝜔 𝛼 = 𝜔 𝛼 ′ + 𝑖𝜔 𝛼 ′′ . The imaginary part, 𝜔 𝛼 ′′ < 0, takes in account the radiative and nonradiative losses. The quality factor of the resonance is given by 𝑄 = -𝜔 𝛼 ′ /2𝜔 𝛼 ′′ , and it is moderate for such system (𝑄~10). Using Eqs. (2.20) and (2.27), the decay rate and the energy shift for the case of zero temperature read, respectively,

Γ 𝑚 (𝑟) (𝒓) = 1 𝜀 0 ℏ ∑ [𝜔 𝑚𝑘 2 |𝒅 𝑘𝑚 | 2 ∑ Im { 1 𝑉 𝛼 (𝜔-𝜔 𝛼 ) } 𝛼 ] 𝑘<𝑚 , 2.30a Δ𝐸 𝑚 (𝑟) (𝒓) = - 1 2𝜀 0 ∑ [𝜔 𝑚𝑘 2 |𝒅 𝑘𝑚 | 2 ∑ Re { 1 𝑉 𝛼 (𝜔-𝜔 𝛼 ) } 𝛼 ] 𝑘<𝑚 , 2.30b
where

𝑉 𝛼 = |𝒅 𝑘𝑚 | 2 /[𝒅 𝑘𝑚 • 𝑬 𝛼 (𝒓)] 2
is the mode volume [START_REF] Sauvan | Theory of the Spontaneous Optical Emission of Nanosize Photonic and Plasmon Resonators[END_REF].

Casimir-Polder measurement

The measurement of atom-surface interactions can be divided in three main approaches:

(1) The mechanical approach that monitors the influence of CP potential and forces on the external motion of the atom center-of-mass.

(2) The diffraction and interferometry approach that monitors diffraction patterns of atomic and molecular wave-packets using material nanogratings.

(3) The spectroscopic approach that monitors the effect of the CP potential on the shift of the atom internal energy levels.

Common challenges in all approaches include understanding and controlling the distance of the atoms from the surface (the probing distance) as well as the geometry, roughness, composition (adsorbates or parasitic fields) and chemistry of the surface in order to reduce systematic errors in the experimental measurements.

Mechanical approaches

Thermal beams

Thermal beams are mainly restricted to long-lived atomic states (ground or metastable states, Rydberg levels). Historically, CP forces were revealed via the deviation of the thermal atomic beam at razing incidence on a metallic or dielectric surface, i. e. using a cylinder [START_REF] Raskin | Interaction between a Neutral Atomic or Molecular Beam and a Conducting Surface[END_REF], [START_REF] Shih | van der Waals forces between a Cs atom or a CsCl molecule and metal or dielectric surfaces[END_REF]. In these pioneering experiments, the atom-surface distance was not well defined. Thereafter, a series of elegant works, performed by the Yale group, have restricted the number of impact parameters with a micro-channel, defined by two parallel materiel surfaces [START_REF] Anderson | Measuring the van der Waals forces between a Rydberg atom and a metallic surface[END_REF], [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF], [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF], [START_REF] Sandoghdar | Spectroscopy of atoms confined to the single node of a standing wave in a parallel-plate cavity[END_REF]. The transmission of a thermal sodium beam in a Rydberg state (10S to 13S) is diminished by the CP forces, which attract the atoms to the slit walls. By measuring the atomic transmission as a function of the channel width and the atom Rydberg state, the authors compared the van der Waals forces between various atomic states [START_REF] Anderson | Measuring the van der Waals forces between a Rydberg atom and a metallic surface[END_REF]. The Yale group also measured in the channeled atomic beam the spectral shift of the excitation resonance toward Rydberg levels [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF]. In this experiment, the authors combine mechanical effects (atomic channeling) and spectroscopic measurements. They could verify the 1/z 3 non-retarded London-van der Waals regime in the micrometer scale, because the polarizability of Rydberg atoms mainly originates in atomic transitions in the mid-IR and far-IR [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF], [START_REF] Sandoghdar | Spectroscopy of atoms confined to the single node of a standing wave in a parallel-plate cavity[END_REF]. The Yale group was also able to monitor the CP interaction of a ground state sodium beam transmitted through a tunable channel and observe its retarded regime in 1/z 4 [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF].

Anisotropic Casimir-Polder interactions

All the above experimental works with atomic beams were interpreted in terms of surface-induced scalar forces on atoms. However, one knows that, at least in the non-retarded regime, the dipoleinduced dipole atom-surface interaction has a quadrupole component, if the atomic polarizability is non-scalar. Note that in the fully retarded regime this quadrupole interaction vanishes quickly in 1/z 6 [START_REF] Taillandier-Loize | Anisotropic atom-surface interactions in the Casimir-Polder regime[END_REF], and the scalar component in 1/z 4 stands alone. The surface quadrupole interaction induces symmetry breaking of the atomic wave functions and can couple different atomic energy levels of the same parity [START_REF] Ducloy | Quantum Optics of Atomic Systems Confined in a Dielectric Environment[END_REF]. Quadrupole surface-induced transitions have been observed on effusive thermal beams of metastable rare gases, where the 3 P0 metastable state is transferred to the 3 P2 metastable state [START_REF] Boustimi | Atom Symmetry Break and Metastable Level Coupling in Rare Gas Atom-Surface van der Waals Interaction[END_REF]. The energy conservation imposes a transfer from internal energy to external kinetic energy. It modifies the atom external motion in a direction perpendicular to the surface, whereas the longitudinal velocity component along the surface is unaffected because of linear momentum conservation. Due to the large energy transfer, the angular deflection is very large, allowing a clear discrimination between deflected atoms and incident beam [START_REF] Boustimi | Atom Symmetry Break and Metastable Level Coupling in Rare Gas Atom-Surface van der Waals Interaction[END_REF]. This transition between metastable states gives access to the very near-field surface potential at typical ranges below 5 nm. Indeed, the anisotropic part of the atom-surface interaction originates only in the electronic core (np 5 ) contribution to the metastable state polarizability (the polarizability of the excited s electron being scalar). The core transitions are in the vacuum ultra-violet, implying that the anisotropic surface potential vanishes very quickly with the distance. This work has been extended to surface-induced transfer in molecular species [START_REF] Boustimi | Surface-induced vibrational transition of metastable nitrogen molecules passing through a nano-slit grating[END_REF], as well as to the reverse endothermic process 3 P2 -> 3 P0 [START_REF] Karam | van der Waals -Zeeman transitions of metastable neon atoms passing through a micro-slit copper grating[END_REF].

Another extension has been performed analyzing surface-induced transfer between Zeeman sublevels of the 3 P2 metastable state [START_REF] Karam | van der Waals -Zeeman transitions of metastable neon atoms passing through a micro-slit copper grating[END_REF], [START_REF] Hamamda | Atom-surface interaction at the nanometre scale: van der Waals-Zeeman transitions in a magnetic field[END_REF]. Indeed the quadrupole surface potential may induce transitions between Zeeman sublevels {J, M}. When a magnetic field is applied, the Zeeman energy defect is transferred to the atom motion in the same way as for fine structure coupling. Due to the smallness of the energy transfer, this work needs supersonic beams with well-defined velocity, in order to discriminate between the incident beam and deflected atoms undergoing the various M->M' sublevel transitions. Those surface-induced van der Waals-Zeeman transitions, which have been observed on supersonic beams of metastable Ne* [START_REF] Karam | van der Waals -Zeeman transitions of metastable neon atoms passing through a micro-slit copper grating[END_REF], Ar*, Kr* and Xe* [START_REF] Hamamda | Atom-surface interaction at the nanometre scale: van der Waals-Zeeman transitions in a magnetic field[END_REF], yield to Zeeman-tunable beam splitters. For Ar* beams, a Zeeman atomic slower has been utilized to change the incident atom velocity between 560m/s and 170m/s. It has thus been shown that the distance range of the atomsurface impact parameter varies between 4 and 7 nm.

Cold atom experiments

The main limitation of previous works comes from the broad atomic velocity distribution with a large mean value, thus shortening the atom-surface interaction time. Development of laser cooling techniques in the late eighties has permitted the development of new CP measurements with betterdefined atomic mean velocities. First works were performed by the Orsay group [START_REF] Landragin | Measurement of the van der Waals Force in an Atomic Mirror[END_REF] using free falling cold ground-state Rb atoms bouncing off a dielectric surface dressed with a repulsive potential generated by a blue detuned evanescent laser field. Their reported measurements, probing atoms at distances ~50nm were in better agreement with a QED CP interaction potential but the experimental uncertainties were too large to exclude the electrostatic van der Waals model. Similar experiments were performed using magnetic films in order to create a repulsive potential close to the surface for spin-polarized atoms [START_REF] Mohapatra | Measurement of the van der Waals force using reflection of cold atoms from magnetic thin-film atom mirrors[END_REF]. More recently, the repulsive evanescent optical field were used in CP measurement by the Tübingen group [START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF]. This time, atoms were thrown on the glass surface with a controlled, constant velocity. This was achieved by confining ultracold Rubidium atoms in a combined magnetic/dipole trap before applying a sudden shift to the magnetic trap and subsequently switching it off, thus leaving the atoms free to reach the surface with a constant velocity. This work provided a measurement of the potential as a function of distance, without assuming an analytical form of the potential. The experiments showed CP retarded forces for distances between 150-250nm (see Figure 3.1).

The Tübingen group also measured the CP interaction between an atom and an ultrathin (~50nm) gold micro-grating deposited on a dielectric surface [START_REF] Bender | Probing Atom-Surface Interactions by Diffraction of Bose-Einstein Condensates[END_REF]. The results were interpreted using a full calculation of the complex CP potential landscape above the grating [START_REF] Contreras-Reyes | Casimir-Polder interaction between an atom and a dielectric grating[END_REF]. Finally, the CP potential of an isolated nanostructure was investigated by immersing a carbon nanotube in a Bose-condensed atomic cloud [START_REF] Schneeweiss | Dispersion forces between ultracold atoms and a carbon nanotube[END_REF]. The CP potential of micro or nanofabricated structures finds interest in the emerging field of hybrid systems that interface solid-state platforms such as atom chips, nanofibers or photonic crystal waveguides with gold atomic clouds. The effects of the CP interactions play a critical role in many of these setups [START_REF] Vetsch | Optical Interface Created by Laser-Cooled Atoms Trapped in the Evanescent Field Surrounding an Optical Nanofiber[END_REF], [START_REF] Lin | Impact of the Casimir-Polder Potential and Johnson Noise on Bose-Einstein Condensate Stability Near Surfaces[END_REF], [START_REF] Alton | Strong interactions of single atoms and photons near a dielectric boundary[END_REF]. Further, a new generation of devices aims at utilizing CP forces in order to achieve sub-wavelength trapping (unlike optical traps, CP forces are not limited by diffraction) of cold atoms next to nanostructured surfaces [START_REF] González-Tudela | Subwavelength vacuum lattices and atom-atom interactions in two-dimensional photonic crystals[END_REF], [START_REF] Goban | Atom-light interactions in photonic crystals[END_REF], [START_REF] Hung | Trapped atoms in onedimensional photonic crystals[END_REF], [START_REF] Chang | Colloquium : Quantum matter built from nanoscopic lattices of atoms and photons[END_REF], [START_REF] Contreras-Reyes | Casimir-Polder interaction between an atom and a dielectric grating[END_REF] . [START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF] along with theoretical predictions of a purely retarded potential in 1/z 4 (blue), purely electrostatic van der Waals potential in 1/z 3 (red) and a full QED calculated potential (green). Figures are adapted from [START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF].

Measurements of the CP force have also been performed at atom-surface separations between 5-7µm by the JILA group [START_REF] Contreras Reyes | Casimir-Polder interaction between an atom and a dielectric slab[END_REF][START_REF] Jhe | Casimir-Polder energy shift of an atom near a metallic sphere[END_REF][START_REF] Hemmerich | Impact of Casimir-Polder interaction on Poisson-spot diffraction at a dielectric sphere[END_REF][START_REF] Klimov | Radiative frequency shift and linewidth of an atom dipole in the vicinity of a dielectric microsphere[END_REF][26][START_REF] Alhambra | Casimir forces on atoms in optical cavities[END_REF]. This distance is close to the thermal wavelength ℏ𝑐/𝑘 𝐵 𝑇~7µm and temperature effects should be considered. The first experiments were reported in [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF] by monitoring center-of-mass oscillations of a magnetically trapped BEC close to the surface (the theory analyzing the experiments is presented in [START_REF] Antezza | Effect of the Casimir-Polder force on the collective oscillations of a trapped Bose-Einstein condensate[END_REF]). This is one of the most accurate CP measurements in the long range (see Figure 3.2). The measurements are in agreement with CP theory at this distance range, however thermal effects cannot be distinguished. Additionally at these distances, possible spurious systematic effects due to stray fields created by surface contaminants should be properly analysed [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF]. Stray electric fields created by Rb adsorbates have been measured in independent studies performed by the same group [START_REF] Mcguirk | Alkali-metal adsorbate polarization on conducting and insulating surfaces probed with Bose-Einstein condensates[END_REF], [START_REF] Obrecht | Measuring electric fields from surface contaminants with neutral atoms[END_REF]. A similar experimental setup was then used to measure the far-field temperature dependence of the CP interaction out of thermal equilibrium [START_REF] Obrecht | Measurement of the Temperature Dependence of the Casimir-Polder Force[END_REF]. In this work, the surface temperature was heated independently by a 1W 860nm laser beam and was kept at a different temperature from the surrounding vacuum. This new asymptotic regime of the CP interaction, where the atom-surface force is given by ~(𝑇 𝑆 2 -𝑇 𝐸 2 )/𝑧 3 , where 𝑇 𝑆 , 𝑇 𝐸 are the surface and the environment temperature respectively, was studied theoretically in [START_REF] Antezza | New Asymptotic Behavior of the Surface-Atom Force out of Thermal Equilibrium[END_REF]. as a function of distance from the surface. Here 𝜔 𝑥 and 𝜔 𝑥 ′ are the trap oscillation frequencies away and close to the surface (at a given distance) respectively. The black dashed, solid blue and dotted red curves represent the theoretically predicted behavior of 𝛾 𝑥 using the CP potential at T=0K, T=300K and T=600K respectively. The record sensitivity of the experiment is not enough to distinguish temperature effects at thermal equilibrium. Figures are adapted from [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF].

Further away from the surface, i. e. several cm away, the surface force was measured using a single excited Ba + ion [START_REF] Bushev | Forces between a Single Atom and Its Distant Mirror Image[END_REF]. In the far-field regime of excited state particles, the interaction oscillates with a λ/2 periodicity (i. e., open cavity QED) [START_REF] Hinds | Cavity QED level shifts of simple atoms[END_REF], in contrast to any electrostatic interactions. Therefore, ions, which are usually well-localized by strong electric traps, are good systems to study such far-field effects. Also spectroscopic works have been performed by the same group on a distant ion to extract lifetime and vacuum-field level shift [START_REF] Wilson | Vacuum-Field Level Shifts in a Single Trapped Ion Mediated by a Single Distant Mirror[END_REF].

One should mention that quantum reflection of ultracold atoms by a material surface needs a good knowledge of intermediate range atom-surface potentials to evaluate the reflection probability. A pioneering work was performed by Shimizu [START_REF] Shimizu | Specular Reflection of Very Slow Metastable Neon Atoms from a Solid Surface[END_REF] who observed atom reflectivity as large as 30% for a beam of ultra-cold metastable 1s3 Ne* atoms falling nearly parallel to various surfaces. Theoretical fits to Ne* reflectivity measured as a function of incident velocities used an ad hoc CP attractive potential of the type 𝑈~-𝐶 4 /(𝑟 + 𝑙 0 )𝑟 3 , with retarded and non-retarded contributions. A similar work was later performed by the MIT group [START_REF] Pasquini | Quantum Reflection from a Solid Surface at Normal Incidence[END_REF] using a sodium Bose-Einstein condensate, confined in a harmonic trap over a silicon surface.

The group in Florence has explored an interesting experimental approach, using an optical escalator [START_REF] Sorrentino | Quantum sensor for atom-surface interactions below 10 μ m[END_REF]. Here, an ultracold gas of strontium atoms are loaded in a one-dimensional optical lattice normal to a transparent dielectric window. The authors drag the cold cloud of atoms at the vicinity of the surface by sweeping the phase of one of the laser beam of the optical lattice. Here, one can obtain a good control of the position of the atoms with respect to the surface. An attempt to measure the CP interaction through the modification of the Bloch oscillation at few tens of micrometer was reported in [START_REF] Sorrentino | Quantum sensor for atom-surface interactions below 10 μ m[END_REF]. Unfortunately, the sensitivity of the technique was not sufficient to discriminate CP interaction with respect to earth gravitational interaction at such a large distance. Nevertheless, this optical escalator method has triggered a lot of interest to perform precise measurements of CP interaction using ultra-narrow transition [START_REF] Derevianko | Mapping Out Atom-Wall Interaction with Atomic Clocks[END_REF] or matter-wave interferometric methods [START_REF] Pelisson | Dynamical aspects of atom interferometry in an optical lattice in proximity to a surface[END_REF], [START_REF] Maury | Surface-modified Wannier-Stark states in a one-dimensional optical lattice[END_REF] for eventually revealing non-Newtonian force at the micrometer scale [START_REF] Alhambra | Casimir forces on atoms in optical cavities[END_REF], [START_REF] Maury | Surface-modified Wannier-Stark states in a one-dimensional optical lattice[END_REF].

Interferometric and diffractive approaches

Interferometric and diffractive devices of the atomic wave-packet are sensitive both to mechanical effects and to surface potential. The diffractive approach has been developed in the late 1990's, initially by Göttingen group. Here, supersonic beams of rare gases diffract on silicon-nitride (SiN) transmission nano-gratings. Experiments on rare gases (He to Kr) ground state beams [START_REF] Grisenti | Determination of Atom-Surface van der Waals Potentials from Transmission-Grating Diffraction Intensities[END_REF] were followed by similar ones on He* and Ne* metastable states [START_REF] Brühl | The van der Waals potential between metastable atoms and solid surfaces: Novel diffraction experiments vs. theory[END_REF]. Also the Villetaneuse group performed similar experiments on metastable nozzle beam of He*, Ne* and Ar* [START_REF] Karam | Atom diffraction with a 'natural' metastable atom nozzle beam[END_REF], as well as Perrault et al. [START_REF] Perreault | Using atomic diffraction of Na from material gratings to measure atom-surface interactions[END_REF] with a supersonic sodium beam. For those fast atoms, the mechanical deflection during the transit in a nano-grating slit is negligible. Only the atom de Broglie phase shift induced by the surface potential, accumulated along a straight trajectory, has to be considered to get the single slit diffraction amplitude. The calculations were done in the non-retarded regime in 1/z 3 . Recently this approach has been extended by the Villetaneuse group to slow, mono-kinetic and velocity-tunable, Ar* beams [START_REF] Taillandier-Loize | A simple velocity-tunable pulsed atomic source of slow metastable argon[END_REF] incident on a SiN nano-grating [START_REF] Garcion | Intermediate-range Casimir-Polder interaction probed by high-order slow atom diffraction[END_REF]. For those slow atoms (down to ~20m/s), it is necessary to take into account both the inhomogeneous CP phase shift but also the surface force which may attract metastable atoms onto the surface and subsequently eliminate them. At the reached sensitivity level, field retardation at distances as small as 50 nm is required for a full interpretation of the atomic diffraction pattern.

In parallel, full interferometric apparatuses have been devised in which a material nano-grating is inserted in one arm of a Mach-Zehnder atomic interferometer. In the Tucson group, the atom interferometer for a sodium supersonic beam was formed with three gratings [START_REF] Perreault | Observation of Atom Wave Phase Shifts Induced by Van Der Waals Atom-Surface Interactions[END_REF], while the Toulouse atom interferometer for a Lithium supersonic beam was made with near-resonant laser standing waves beam splitters [START_REF] Lepoutre | Dispersive atom interferometry phase shifts due to atom-surface interactions[END_REF], [START_REF] Lepoutre | Atom interferometry measurement of the atom-surface van der Waals interaction[END_REF]. Here the experimental results are interpreted via non-retarded atomsurface interactions.

Spectroscopic approaches in vapor cells

Most of the previous methods (with few notable exceptions such as [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF], [START_REF] Bushev | Forces between a Single Atom and Its Distant Mirror Image[END_REF]) are essentially sensitive to the CP interactions of ground state or metastable atoms. In contrast, spectroscopic approaches, measuring the difference of surface-induced level shifts between the probed atomic states, give access to the rich physics of short or long-lived excited atomic states. In particular, these approaches allow to probe the coupling of atoms with surface modes (analyzed in detail in chapter 4). In addition, spectroscopic methods also give access to surface-induced changes of the atomic state lifetime (transition linewidth), which is an integral part of the open cavity QED approach. In this section, we focus on CP spectroscopy in hot atom vapor cells that has been performed either by selective reflection on the entrance window of a macroscopic vapor cell, or transmission spectroscopy in thin vapor cells (sub-micro & nano-cells of variable thickness).

Selective reflection spectroscopy

Selective reflection (SR) consists of monitoring the reflectivity change of a light beam incident on a window-vapor interface when one tunes the light frequency around an atomic or molecular transition.

Resonant change in the vapor refraction index modifies the light reflection. Since the first demonstration of selective reflection in 1909 by Robert Wood on mercury vapor, SR has been shown to present some sub-Doppler features when performed at normal incidence on the interface and low density vapors [START_REF] Cojan | Contribution à l'étude de la réflexion sélective sur les vapeurs de mercure de la radiation de résonance du mercure[END_REF], [START_REF] Woerdman | Spectral narrowing of selective reflection from sodium vapour[END_REF]. Indeed, the signal is mainly sensitive to atoms moving parallel to the interface. This sub-Doppler character can be enhanced by making use of frequency modulation (FM) on the incident probe light beam, leading to Doppler-free reflection lineshapes, as shown by the Lebedev group [START_REF] Akulshin | Collisional Broadening of Intra-Doppler Resonances of Selective Reflection on the D2 Line of Cesium[END_REF]. Since electromagnetic reflection is governed by the vapor index variations in a distance range ~𝜆/2𝜋 from the interface (𝜆 is the incident probe wavelength), FM-SR yields the atomic response close to the interface and subsequently its variations with the atom-surface potential shifting the energy levels involved in the atomic transition. More precisely, in the limit of large Doppler broadening, the FM-SR signal lineshape is proportional to the frequency-derivative of an effective electric susceptibility, χ -which takes into account the non-local response of the atomic vapor near the interface - [START_REF] Woerdman | Spectral narrowing of selective reflection from sodium vapour[END_REF] :

𝑑𝜒(𝜔) 𝑑𝜔 ~∫ 𝑑𝑧 ∫ 𝑑𝑧′ ∞ 0 ∞ 0 (𝑧 -𝑧 ′ )𝑒 𝑖𝑘(𝑧+𝑧 ′ ) ℒ 𝑜 (𝜔, 𝑧) -ℒ 𝑜 (𝜔, 𝑧′) 3.1 ℒ(𝜔, 𝑧) = Γ 2 -𝑖 (𝜔 -𝜔 𝑜 + 𝐶 3 𝑧 -3
2 ) is the Lorentzian lineshape of the bare atomic resonance, corrected by the 𝑧 -3 CP frequency shift -in the non-retarded regime -. 𝐶 3 is the difference between the van der Waals surface coefficients of the two energy levels of the transition, 𝜔 𝑜 is the bare atomic resonance frequency,  the natural transition linewidth and 𝑘 = 2𝜋/𝜆 is the wavenumber of the probe beam. In this regime, the reflection lineshape only depends on a dimensionless parameter yielding the surfaceinduced frequency shift, at a distance 𝜆/2𝜋in unit of the natural linewidth. A similar formula to (3.1) can be derived in the case of retarded surface interactions [START_REF] Ducloy | General theory of frequency modulated selective reflection. Influence of atom surface interactions[END_REF]. FM-SR has been experimentally demonstrated by the Villetaneuse group on cesium resonance lines [START_REF] Oria | Spectral Observation of Surface-Induced Van der Waals Attraction on Atomic Vapour[END_REF], [START_REF] Chevrollier | Van der Waals-induced spectral distortions in selective-reflection spectroscopy of Cs vapor: the strong atom-surface interaction regime[END_REF], [START_REF] Chevrollier | High resolution selective reflection spectroscopy as a probe of long-range surface interaction : measurement of the surface van der Waals attraction exerted on excited Cs atoms[END_REF] and used to measure the van der Waals Cs-surface interaction potential. This approach has been subsequently confirmed by many other research groups in Moscow, Garching or Boulder [START_REF] Akulshin | Intensity and concentration dependence of Doppler-free resonance in selective reflection[END_REF]- [START_REF] Wang | Selective reflection by Rb[END_REF] [a,b,c,d] . The interest of FM-SR spectroscopy for probing atom-surface interactions has been described in detail in a previous review article [START_REF] Bloch | Atom-wall interaction[END_REF]. One interest of SR is to monitor the atom-surface potential in a higher excited level exhibiting large polarizability. For this purpose, stepwise excitation has been devised on the basis of an initial broadband excitation of a resonance level followed by the proper SR process. ~This has been first demonstrated on the 6S1/2-6P1/2-6D3/2 transition ladder of cesium, where the pumping of the 6P1/2 was guaranteed to be broadband, thanks to velocity redistribution in the resonance state via fluorescence trapping and collisional processes [START_REF] Failache | Resonant coupling in the van der Waals interaction between an excited alkali atom and a dielectric surface: an experimental study via stepwise selective reflection spectroscopy[END_REF]. This makes the measurements insensitive to surface shifts on the pump transition. Selective Reflection on the 6P1/2-6D3/2 line thus gave access to the Cs 6D3/2 -surface potential which was observed to be repulsive with sapphire thanks to quasi-resonant surface phonon polariton mode [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF]. This approach has provided the basis for a number of studies on highly excited energy levels, including surface temperature dependence of the atom-surface CP potential [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF] (see chapter 4 more details).

Thin vapor cells

Thin cell measurements started in 1996 with sub-Doppler spectroscopy [START_REF] Briaudeau | Detection of slow atoms in laser spectroscopy of a thin vapor film[END_REF] in micrometric cells and linear sub-Doppler spectroscopy due to Dicke narrowing [START_REF] Briaudeau | Coherent Doppler narrowing in a thin vapor cell: Observation of the Dicke regime in the optical domain[END_REF], [START_REF] Dutier | Collapse and revival of a Dicke-type coherent narrowing in a sub-micron thick vapor cell transmission spectroscopy[END_REF] in cells whose size goes down to a fraction of the optical wavelength (sub-micrometric size cells). For van der Waals measurements, truly nanometric thickness is required. The Ashtarak Armenian team fabricated these cells [START_REF] Sarkisyan | Sub-Doppler spectroscopy by sub-micron thin Cs vapour layer[END_REF] and measurements of the CP interaction were performed in a cell of variable thickness from 40nm to 130nm [START_REF] Fichet | Exploring the van der Waals atom-surface attraction in the nanometric range[END_REF], [START_REF] Laliotis | Testing the distance-dependence of the van der Waals interaction between an atom and a surface through spectroscopy in a vapor nanocell[END_REF] (see Figure 3.3). The advantage of thin cell spectroscopy is that one can probe vapors confined at different thicknesses in order to explore the validity of the van der Waals law C3/z 3 at nanometric distances. Deviations from the van der Waals law could occur because of retardation effects [START_REF] Casimir | The Influence of Retardation on the London-van der Waals Forces[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF] [40], [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF] whose effects are predicted to be measureable even in spectroscopic experiments with low lying excited state atoms [START_REF] De | Retardation effects in spectroscopic measurements of the Casimir-Polder interaction[END_REF] even at nanometric distances. It is worth noting that spectroscopic experiments are sensitive to retardation effects on both resonant and non-resonant CP contributions.

The experiments, depicted in [START_REF] Fichet | Exploring the van der Waals atom-surface attraction in the nanometric range[END_REF], were performed on the Cs(6D5/2) level reached by 6S1/2 -6P3/2 -6D5/2 stepwise excitation. The experimental results were analyzed with a theoretical model based on [START_REF] Dutier | Revisiting optical spectroscopy in a thin vapor cell: mixing of reflection and transmission as a Fabry-Perot microcavity effect[END_REF] and taking into account the spectral shifts imposed by the two YAG windows. Ultra-thin cell experiments were also performed by the Durham group, for low lying states of cesium and rubidium [START_REF] Whittaker | Optical Response of Gas-Phase Atoms at Less than λ / 80 from a Dielectric Surface[END_REF], [START_REF] Whittaker | Spectroscopic detection of atom-surface interactions in an atomic-vapor layer with nanoscale thickness[END_REF]. The experiments relied on an analysis of the wings of the laser-induced fluorescence spectra in order to extract information for atoms that move close to the walls. The authors claim that the van der Waals law is verified to within 3%. Fluorescence measurements presented in [START_REF] Whittaker | Optical Response of Gas-Phase Atoms at Less than λ / 80 from a Dielectric Surface[END_REF], [START_REF] Whittaker | Spectroscopic detection of atom-surface interactions in an atomic-vapor layer with nanoscale thickness[END_REF] can be complementary to thin cell transmission, but it should be noted that the experimental analysis used in this work [START_REF] Whittaker | Optical Response of Gas-Phase Atoms at Less than λ / 80 from a Dielectric Surface[END_REF] has been put into question [START_REF] Bloch | Comment on 'Optical Response of Gas-Phase Atoms at Less than λ / 80 from a Dielectric Surface[END_REF]. Additional experiments were performed by the Palaiseau group in collaboration with the Durham group [START_REF] Peyrot | Measurement of the atom-surface van der Waals interaction by transmission spectroscopy in a wedged nanocell[END_REF]. This time the C3 measurements were performed by transmission through a thin cell of varying thickness using the theoretical models described in [START_REF] Dutier | Revisiting optical spectroscopy in a thin vapor cell: mixing of reflection and transmission as a Fabry-Perot microcavity effect[END_REF], [START_REF] Fichet | Exploring the van der Waals atom-surface attraction in the nanometric range[END_REF]. The C3 coefficient of the D1 line was also measured with SR techniques [START_REF] Laliotis | Selective reflection spectroscopy at the interface between a calcium fluoride window and Cs vapour[END_REF]. 

Tunable Casimir-Polder interactions

Surface plasmon polaritons or phonon polaritons modify the nature of vacuum fluctuations at the interface of dielectric media. This has a profound effect on near-field Casimir-Polder (CP) interactions that strongly depend on the evanescent modes of the vacuum field [START_REF] Fichet | van der Waals interactions between excitedstate atoms and dispersive dielectric surfaces[END_REF]. Therefore, the coupling of atoms to surface polariton modes allows to tune the strength of CP interaction in the non-retarded regime [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF]. In particular, temperature provides an important knob to tune CP strength [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF] because thermal population of the evanescent surface polariton modes creates quasi-monochromatic thermal fields, whose spectral width mainly depends on the Q-factor of the surface resonance [START_REF] Shchegrov | Near-Field Spectral Effects due to Electromagnetic Surface Excitations[END_REF], [START_REF] Greffet | Coherent emission of light by thermal sources[END_REF]. This is in striking contrast to far-field blackbody radiation, which is dominated by propagating modes, and thus displays a broad frequency spectrum. Another effective way to tune the CP interactions is by nano-structuring the surface. The booming field of nanostructures and metamaterials now gives us the possibility to go beyond optical materials that exist in nature [START_REF] Liu | Metamaterials: a new frontier of science and technology[END_REF] and allows us to engineer evanescent modes, thus changing the fabric of the quantum vacuum [START_REF] Aljunid | Atomic Response in the Near-Field of Nanostructured Plasmonic Metamaterial[END_REF]- [START_REF] Chan | Plasmonoatomic interactions on a fiber tip[END_REF]. This field is still new and although there are still challenges that lie ahead, it offers great potential for subwavelength trapping of cold atoms by use of CP forces [START_REF] Chang | Trapping atoms using nanoscale quantum vacuum forces[END_REF] and for quantum technology applications.

In this chapter, we first give an overview of the works investigating the coupling of atoms to surface resonances. We then give a brief theoretical description of thermal effects in the near field of the CP interaction [START_REF] Barton | Van der Waals shifts in an atom near absorptive dielectric mirrors[END_REF], [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF], which are due to the thermal excitation of surface polariton modes. Such effects were experimentally demonstrated with selective reflection spectroscopy in atomic vapor cells [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], [START_REF] Passerat De Silans | Experimental observations of temperature effects in the near-field regime of the Casimir-Polder interaction[END_REF]. Finally, we describe experiments reporting tunable CP interactions by resonantly coupling atoms to metamaterials with surface plasmon resonances [START_REF] Aljunid | Atomic Response in the Near-Field of Nanostructured Plasmonic Metamaterial[END_REF], [START_REF] Chan | Tailoring optical metamaterials to tune the atom-surface Casimir-Polder interaction[END_REF].

Coupling of atoms with surface resonances

The near-field coupling of atoms with surface-polaritons has been theoretically investigated in [START_REF] Fichet | van der Waals interactions between excitedstate atoms and dispersive dielectric surfaces[END_REF], using the linear-response theory developed by J. M. Wylie and J. E. Sipe in [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF] These theoretical works make the assumption that thermal energies are always much smaller than transition energies and are, therefore, limited to zero temperature (𝑇 = 0). The first experimental demonstration of atom-polariton coupling was done with stepwise selective reflection spectroscopy by Failache et al [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF] using Cs(6D3/2) atoms. This atomic level presents a dipole transition at 12.14 µm (6D3/2  7P1/2 ) that is strongly coupled to a sapphire surface resonance at ~12µm. The experiments are performed at temperatures where the thermal excitation of the sapphire polariton modes is negligible, so they can be considered as 𝑇 = 0 experiments. It is worth mentioning that although Failache et al [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF] demonstrated CP repulsion, the measurement of the C3 coefficient was not in complete agreement with theoretical predictions, thus underlying the sensitivity of CP experiments to the dielectric properties of the surface [START_REF] De Aquino Carvalho | Interaction Casimir-Polder entre atome de césium et surface de saphir thermiquement émissive[END_REF] and the need for more accurate measurements of the dielectric constant of materials.

A general theoretical treatment of resonant atom-surface interactions as function of temperature was performed by [START_REF] Barton | Van der Waals shifts in an atom near absorptive dielectric mirrors[END_REF] with emphasis on calculations for atoms passing through cavities. Experiments with Rydberg atoms passing through cavities were indeed performed in the early nineties [START_REF] Sandoghdar | Direct measurement of the van der Waals interaction between an atom and its images in a micron-sized cavity[END_REF], [START_REF] Sukenik | Measurement of the Casimir-Polder force[END_REF], but did not demonstrate near-field temperature effects on the atom-surface interaction [START_REF] Hinds | Atoms in micron-sized metallic and dielectric waveguides[END_REF]. Instead, they focused on the impact of blackbody radiation inside a cavity [START_REF] Lai | Blackbody Excitation of an Atom Controlled by a Tunable Cavity[END_REF]. The treatment of [START_REF] Wylie | Quantum electrodynamics near an interface[END_REF], [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF] was extended to a finite temperature environment in [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF]. Although the treatment of [START_REF] Gorza | Van der Waals interactions between atoms and dispersive surfaces at finite temperature[END_REF] is valid at all distances, the main focus is on near-field atom-polariton coupling in selective reflection experiments. A general theoretical treatment of temperature dependent CP interactions is also presented in [START_REF] Buhmann | Thermal Casimir versus Casimir-Polder Forces: Equilibrium and Nonequilibrium Forces[END_REF].

Further theoretical works, focusing on near-field CP interactions [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF], [START_REF] Ellingsen | Temperature-Independent Casimir-Polder Forces Despite Large Thermal Photon Numbers[END_REF] with thermally excited surfaces, demonstrate that the temperature dependence of atom-surface interactions is due to the thermal excitation of surface modes (near-field thermal emission) and that CP interactions can be largely independent of temperature when atomic transitions are far detuned from polariton resonances. In fact, near-field thermal emission, dominated by evanescent modes, is largely monochromatic at the polariton frequency 𝜔 𝑆 [START_REF] Shchegrov | Near-Field Spectral Effects due to Electromagnetic Surface Excitations[END_REF], [START_REF] Greffet | Coherent emission of light by thermal sources[END_REF]. Therefore, the near-field CP dependence on temperature can be considered as a dipole force exerted on the atoms by the thermal fields at the vicinity of the hot surface. Atoms are either repelled or attracted towards the surface depending on the detuning (red or blue) of the evanescent thermal fields compared to the atomic dipole coupling frequency 𝜔 𝑎𝑏 . For this reason CP shifts for Rydberg atoms [START_REF] Crosse | Thermal Casimir-Polder shifts in Rydberg atoms near metallic surfaces[END_REF] or even molecules [START_REF] Ellingsen | Temperature-Independent Casimir-Polder Forces Despite Large Thermal Photon Numbers[END_REF] can remain temperature independent, even though they present strong couplings (especially in the case of Rydberg atoms) at low energies.

Near-field thermal effects in the Casimir-Polder interaction

The dielectric constant of dielectric media is often described as a sum of Lorentzian resonances. This is because the response of a dielectric to an external driving field can be approximated to an externally driven harmonic oscillator problem. For example, if only one isolated volume resonance exists in the frequency range of interest, one can write the material dielectric constant as follows:

𝜀(𝜔) = 𝜀 ∞ + (𝜀 𝑜 -𝜀 ∞ )𝜔 𝑉 2 𝜔 𝑉 2 -𝜔 2 -𝑖𝜔Γ (4.1)
Here 𝜀 ∞ , 𝜀 𝑜 are the limiting values of the dielectric constant at high or low frequencies respectively, 𝜔 𝑉 is the volume resonance frequency and Γ the dissipation parameter. The above model and some variations, assuming that the dissipation constant is itself a function of frequency Γ(ω) (accounting for lattice anharmonicity) , have found extensive use in the study of dielectric properties of materials [START_REF] Barker | Infrared Lattice Vibrations and Dielectric Dispersion in Corundum[END_REF], [START_REF] Passerat De Silans | Temperature dependence of the dielectric permittivity of CaF 2 , BaF 2 and Al 2 O 3 : application to the prediction of a temperature-dependent van der Waals surface interaction exerted onto a neighbouring Cs(8P 3/2 ) atom[END_REF], [START_REF] Spitzer | Infrared Lattice Bands of Quartz[END_REF], [START_REF] Andersson | Multiphonon contribution to the reststrahlen band of BaF2[END_REF]. Here we use the assumption of a single resonance, in Eq. (4.1), that allows the derivation of analytical formulas making the physics of thermal CP interactions more transparent.

The surface response of the dielectric with an infinite planar interface is given by the expression:

𝑆(𝜔) = 𝜀(𝜔) -1 𝜀(𝜔) + 1 (4.2)
Thus, the surface response is also a Lorentzian function [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF]written as:

𝑆(𝜔) = 𝑆 ∞ + (𝑆 𝑜 -𝑆 ∞ )𝜔 𝑆 2 𝜔 𝑆 2 -𝜔 2 -𝑖𝜔Γ(ω) (4.3)
𝑆 𝑜 , 𝑆 ∞ give the surface response at the extrema of the spectrum, linked to 𝜀 ∞ , 𝜀 𝑜 via Eq. (4.2). The surface resonance 𝜔 𝑆 is related to the volume resonance by the following expression:

𝜔 𝑆 = √ 𝜀 𝑜 + 1 𝜀 ∞ + 1 𝜔 𝑉 (4.4)
Using Eq. (4.3), the Matsubara summation (described in chapter 2) can be calculated analytically [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF].

For a two-level transition |𝑎⟩ → |𝑏⟩ at frequency 𝜔 𝑎𝑏 , the temperature dependent part of the nearfield free energy shift of level |𝑎⟩, 𝛿𝐹 𝑎 𝑇 = 𝛿𝐹 𝑎 (𝑇) -𝛿𝐹 𝑎 (𝑇 = 0), can be simplified to:

𝛿𝐹 𝑎 𝑇 = - 𝐶 3 𝑎→𝑏 𝑧 3 {2𝑛(𝜔 𝑆 , 𝑇) 𝜔 𝑎𝑏 𝜔 𝑆 (𝑆 𝑜 -𝑆 ∞ ) [(𝜔 𝑎𝑏 2 -𝜔 𝑆 2 ) + Γ 2 2 ] (𝜔 𝑎𝑏 2 -𝜔 𝑆 2 ) 2 + Γ 2 𝜔 𝑆 2 } (4.6)
where 𝜔 𝑎𝑏 is positive or negative for an upwards (absorption) or downwards (emission) coupling respectively. 𝑛(𝜔 𝑆 , 𝑇) is the average photon occupation for Bose-Einstein statistics (see Chapter 2) at the surface polariton frequency 𝜔 𝑆 and not the atomic transition frequency 𝜔 𝑎𝑏 , demonstrating that the near-field temperature dependence of the CP interaction depends on the thermal excitation of surface polariton modes only. For an absorption coupling, the energy shift is negative, pulling the atoms towards the surface, when the thermal field frequency (𝜔 𝑆 ) is red detuned with respect to the atomic transition (𝜔 𝑎𝑏 ), whereas for a blue detuned thermal field the atom is repelled from the surface. The opposite scenario occurs when the coupling is in emission. It is worth stressing that the CP tunability offered by atom-polariton coupling is a near-field effect and is washed out in the far-field of CP interaction [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], [START_REF] Laliotis | Casimir-Polder effect with thermally excited surfaces[END_REF] when retardation effects become important.

Thermal Casimir-Polder interaction: experiments

The above theoretical considerations show that the near-field thermal effects allow for CP tunability. This is a distinct difference from the temperature dependent CP interaction exerted on ground state atoms. In this case, the temperature dependence becomes predominant essentially in the far-field regime [START_REF] Mclachlan | Retarded dispersion forces in dielectrics at finite temperatures[END_REF], [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF], [START_REF] Obrecht | Measurement of the Temperature Dependence of the Casimir-Polder Force[END_REF], where the interaction is simply proportional to temperature 𝛿𝐹 𝑎 (𝑇) ∝ -𝑇 𝑧 3 , at distances longer than the thermal wavelength (at thermal equilibrium). Such temperature effects remain without experimental demonstration, although significant efforts were made toward this direction by the JILA group [START_REF] Harber | Measurement of the Casimir-Polder force through center-of-mass oscillations of a Bose-Einstein condensate[END_REF]. Temperature effects should also be taken into consideration for precision CP measurements with ground state atoms, as discussed for example in [START_REF] Derevianko | Mapping Out Atom-Wall Interaction with Atomic Clocks[END_REF] [START_REF] Wolf | From optical lattice clocks to the measurement of forces in the Casimir regime[END_REF] (see Chapter 3 for more details).

Near-field thermal effects in the CP interaction have been studied exclusively with spectroscopic methods inside vapor cells [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], [START_REF] Passerat De Silans | Temperature dependence of the dielectric permittivity of CaF 2 , BaF 2 and Al 2 O 3 : application to the prediction of a temperature-dependent van der Waals surface interaction exerted onto a neighbouring Cs(8P 3/2 ) atom[END_REF], [START_REF] De Aquino Carvalho | Interaction Casimir-Polder entre atome de césium et surface de saphir thermiquement émissive[END_REF]. A key element of these experiments is the probing of excited alkali atoms presenting many allowed dipole transition that can be coupled to surface polaritons. A significant amount of work towards identifying the surface polariton resonances of dielectric material was done in [START_REF] Saltiel | A tabulation and critical analysis of the wavelengthdependent dielectric image coefficient for the interaction exerted by a surface onto a neighbouring excited atom[END_REF]. Nevertheless, the choice of dielectric materials that can be used for vapor cell fabrication is limited mainly because high temperature operation is required under the presence of chemically aggressive alkali vapors. The first experiments aiming at measuring the nearfield temperature dependence of the CP interaction were performed with a calcium fluoride surface (CaF2). The interest of fluoride dielectrics, such as CaF2 and BaF2 is their isolated surface resonances at 24µm and 35µm respectively that can be coupled with the strong dipole transitions from the 8P3/2 level, 8P3/27D3/2 at 36.09µm [START_REF] Passerat De Silans | Temperature dependence of the dielectric permittivity of CaF 2 , BaF 2 and Al 2 O 3 : application to the prediction of a temperature-dependent van der Waals surface interaction exerted onto a neighbouring Cs(8P 3/2 ) atom[END_REF], [START_REF] Passerat De Silans | Experimental observations of temperature effects in the near-field regime of the Casimir-Polder interaction[END_REF]. The coupling of the 8P3/27D3/2 transition to the blue detuned CaF2 polariton leads to a reduction of the van der Waals coefficient with temperature. Exact theoretical predictions of the Cs(8P3/2)-CaF2 interaction as a function of temperature were shown in [START_REF] Passerat De Silans | Temperature dependence of the dielectric permittivity of CaF 2 , BaF 2 and Al 2 O 3 : application to the prediction of a temperature-dependent van der Waals surface interaction exerted onto a neighbouring Cs(8P 3/2 ) atom[END_REF] using dedicated measurements of the CaF2 dielectric constant. In order to probe the interaction of cesium atoms with a CaF2 surface, an original cell design was proposed and tested in [START_REF] Laliotis | Selective reflection spectroscopy at the interface between a calcium fluoride window and Cs vapour[END_REF] by performing selective reflection measurements on the D1 transition of cesium. Selective reflection measurements, of the CP interaction between Cs(8P3/2) and a CaF2 surface were reported in [START_REF] Passerat De Silans | Experimental observations of temperature effects in the near-field regime of the Casimir-Polder interaction[END_REF]. Nevertheless, these measurements did not show a temperature dependence of the van der Waals coefficient in contradiction to the theoretical predictions. This disagreement was attributed to cesium chemical attacks on the CaF2 tube, whose chemical integrity seemed to be seriously compromised (the cesium vapor infiltrated inside the volume of the CaF2 tube) [START_REF] Passerat De Silans | Experimental observations of temperature effects in the near-field regime of the Casimir-Polder interaction[END_REF].

The near-field temperature dependence of the CP interaction at thermal equilibrium was demonstrated for the first time in a vapor cell experiment measuring the interaction between a Cs(7D3/2) atom and a sapphire surface [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF]. In this experiment, the temperature dependence comes from the coupling between the sapphire polariton at ~12 µm with the cesium upwards 7D3/25F5/2 transition at 10.83 µm. Due to the red detuning of the near field thermal emission, the C3 van der Waals coefficient is predicted to increase with temperature (see Figure 4.1). Experimental results and theoretical predictions are in a quite remarkable agreement for temperatures up to 1000 K. This could be because the sapphire surface polariton is relatively far detuned with respect to the atomic resonance, thus making the theoretical predictions less sensitive to the details of the sapphire dielectric constant [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF]. Perhaps equally critical to the success of the experiment was the use of a sapphire window that has been shown to be robust and durable in the presence of high temperature cesium vapors [START_REF] Lamberti | COMPATIBILITY OF CESIUM VAPOR WITH SELECTED MATERIALS AT TEMPERATURES TO 1200° F[END_REF]. The sapphire cell used for this experiment is described in detail in [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF], [START_REF] De Aquino Carvalho | Velocity preserving transfer between highly excited atomic states: black body radiation and collisions[END_REF]. 

Tunable Casimir-Polder interaction using Metasurfaces

In the section 4.2, we discussed the near-field temperature dependence of CP interactions. Thermal effects can indeed be used to tune the CP interaction of excited atoms with dielectric materials. This is achieved by modifying the thermal population of surface modes, proportional to the average number of photons 𝑛(𝜔 𝑆 , 𝑇) governed by Bose-Einstein statistics. According to Eq. 4.6 tunability is essentially limited to dipole couplings whose frequency is near resonant with surface polariton resonances. Additionally, achieving tunability for experimentally realistic temperatures requires surface phonon polariton modes whose frequency lies in the mid or far infrared (with sapphire being the best candidate). The above constraints suggest that tuning CP by temperature is essentially limited to high-lying atomic states that present allowed dipole transitions at mid and far-infrared wavelengths.

In order to address low-lying states whose allowed dipole couplings lie in the near-infrared and visible range of the spectrum a more radical approach has been demonstrated, involving the use of metamaterial (nanostructured metallic surfaces). Engineering the geometry of the metamaterials allows to tune the dielectric properties and the surface-plasmon resonances of the metamaterial as depicted in Eq. (4.4) [START_REF] Chan | Tailoring optical metamaterials to tune the atom-surface Casimir-Polder interaction[END_REF]- [START_REF] Chan | Plasmonoatomic interactions on a fiber tip[END_REF].

Electric dipole coupling

CP interaction was revealed using selective reflection spectroscopy and a nanofabricated surface, immersed in an atomic vapor, as depicted in [START_REF] Aljunid | Atomic Response in the Near-Field of Nanostructured Plasmonic Metamaterial[END_REF] and in Figure 4.2 (left panel). Here, nano-slits on a 50 nm thick silver film were engraved. The geometry of the nano-slits, i.e. length and width, were adjusted such that the surface-plasmon resonance frequency is scanned around the D2-line resonance of Cesium atoms at 852 nm. Tunable CP interaction was experimentally observed as discussed in [START_REF] Chan | Tailoring optical metamaterials to tune the atom-surface Casimir-Polder interaction[END_REF]. The results are summarized in the right panel of Figure 4.2A and 4.2B, where the real and imaginary part of differential Van der Waals coefficient ∆𝐶 3 = 𝐶 3 (𝑒) -𝐶 3 (𝑔) is plotted as function of the metasurfaces plasmonic resonance wavelength. 𝐶 3 (𝑔) and 𝐶 3 (𝑒) are the Van der Waals coefficients of the ground and excited state, respectively. A resonance profile of ∆𝐶 3 is observed, having a linewidth of the order of the plasmonic resonance linewidth. The main contribution at the origin of the modification of ∆𝐶 3 comes from the resonant CP term [START_REF] Oria | Spectral Observation of Surface-Induced Van der Waals Attraction on Atomic Vapour[END_REF] when a photon is virtually emitted from the excited state of the atom into the metamaterial before being reabsorbed by the atom. Hence, the surface-plasmon mainly modifies the 𝐶 3 (𝑒) term. When plasmonic and atomic resonances are coinciding, the emitted photon might be effectively transferred to the surface-plasmon leading to a non-zero imaginary term for ∆𝐶 3 . The atomic lifetime decreases with the presence of the surface plasmon resonance. This transfer process is irreversible because of ohmic losses in the silver metamaterial. The experimental data in Figure 4.2A and 4.2B (right panel) are compared to theoretical predictions in Figure 4.2C and 4.2D without retardation effect (dotted-dashed line), and with retardation effect (shaded grey surface). We note that the predictions are weaker than the experimental values, indicating that some phenomena are not captured in the theoretical model.

Electric quadrupole coupling

For a Gaussian beam, incident on the metasurface, its transmission can be decomposed into far-field and near-field contributions. The far-field contribution comes from the modification of the index of refraction of the nano-structured film, which acts as a Fabry-Perot etalon. The near-field contribution is characterized by an evanescent wave, with a typical spatial damping of the optical field linked to the period of the metasurface. The contribution of both effects was investigated using the 6 2 𝑆 1/2 → 5 2 𝐷 5/2 quadrupole transition of Cesium at 685 nm [START_REF] Chan | Coupling of atomic quadrupole transitions with resonant surface plasmons[END_REF]. Indeed, quadrupole transitions are expected to be enhanced by a strong electric field gradient [START_REF] Tojo | Absorption Enhancement of an Electric Quadrupole Transition of Cesium Atoms in an Evanescent Field[END_REF]. Such an enhancement was not observed due to the component of the atoms thermal velocity parallel to the metasurface, which averages to zero the evanescent wave contribution, because of transit-time broadening. Thus, only the far-field etalon effect is at the origin of the modification of the resonant quadrupole CP interaction using a thermal atomic vapor. Two strategies can be considered to observe the near-field enhancement. The first one consists of using a Quantum Emitter at rest, by suppressing the Doppler effect using either laser cooled atoms or artificial atoms like crystal defect [START_REF] Klimov | Allowed and forbidden transitions in an atom placed near an ideally conducting cylinder[END_REF]- [START_REF] Shibata | Excitation enhancement in electric multipole transitions near a nanoedge[END_REF]. The second method consists of using isotropic translation-invariant 2D materials [START_REF] Rivera | Shrinking light to allow forbidden transitions on the atomic scale[END_REF]. Here, the coupling is expected to be insensitive to the parallel components of the atom velocity, thus suitable for thermal atomic vapor. The figure is extracted from [START_REF] Chan | Tailoring optical metamaterials to tune the atom-surface Casimir-Polder interaction[END_REF].

New materials

The recent development of nanoscale fabrication techniques, such as e-beam milling, deep UV photon lithography, chemical vapour deposition, molecular-beam epitaxy, and exfoliation of 2D materials [START_REF] Huo | 2D materials via liquid exfoliation: a review on fabrication and applications[END_REF] has opened avenues to create new material for optics [START_REF] Liu | Metamaterials: a new frontier of science and technology[END_REF], [START_REF] Urbas | Roadmap on optical metamaterials[END_REF], [START_REF] Stockman | Roadmap on plasmonics[END_REF]. In particular, the confinement of electrons in 1D or 2D leads to materials with strong electric permittivity  or magnetic permeability  anisotropy. If surface-plasmon-polariton (SPP) resonances are present, some components of the  or  tensors might become negative leading to left-handled or hyperbolic metamaterials which have triggered a lot of interest due to their super-resolution properties for imaging application (see [START_REF] Poddubny | Hyperbolic metamaterials[END_REF], [START_REF] Takayama | Optics with hyperbolic materials[END_REF] for a review).

Coupling to surface-plasmon-polariton resonances

Placing a quantum emitter (QE) in the near-field of a (meta)material with SPP resonances, will introduce new excitation and decay channels that deeply modify the QE emission properties. For instance it has been demonstrated that coupling atomic resonances to SPP resonances leads to Fanolike excitation profile using a metallic layer [START_REF] Stern | Fano resonances and all-optical switching in a resonantly coupled plasmonic-atomic system[END_REF], [START_REF] Stehle | Cooperative coupling of ultracold atoms and surface plasmons[END_REF] or a metamaterial [START_REF] Aljunid | Atomic Response in the Near-Field of Nanostructured Plasmonic Metamaterial[END_REF], [START_REF] Chan | Plasmonoatomic interactions on a fiber tip[END_REF]. In those experiments, the SPP-QE coupling strength remains moderated because of the small Q-factor and weak confinement of the SPP mode. Improvement on both latter aspects might lead to light-matter strong coupling regime where coherent evolution prevails over spontaneous emission (see [START_REF] Baranov | Novel Nanostructures and Materials for Strong Light-Matter Interactions[END_REF], [START_REF] Kravets | Plasmonic Surface Lattice Resonances: A Review of Properties and Applications[END_REF], [START_REF] Dovzhenko | Light-matter interaction in the strong coupling regime: configurations, conditions, and applications[END_REF] for review). For example, strong-coupling has been reported between a dye molecule [START_REF] Chikkaraddy | Single-molecule strong coupling at room temperature in plasmonic nanocavities[END_REF] or a quantum dot [START_REF] Groß | Near-field strong coupling of single quantum dots[END_REF] and a plasmonic nanocavity at room temperature. Rivera and co-authors also pointed out that strong plasmonic confinement reduces the effective size of the electromagnetic field well below its vacuum wavelength, opening high order electric and magnetic multipole excitations [START_REF] Rivera | Shrinking light to allow forbidden transitions on the atomic scale[END_REF].

Cooperative emission of a QE ensemble might also be enhanced by the presence of SPP resonance. This point was experimentally addressed by Stehle, Zimmermann and Slama studying the emission properties of an ultracold gas of rubidium atoms at the vicinity of a metallic layer [START_REF] Stehle | Cooperative coupling of ultracold atoms and surface plasmons[END_REF]. The coupling of two atoms mediated by a material was also addressed theoretically and an enhancement or reduction of the atom-atom coupling was shown depending on the choice of the material and the orientation of the atomic electric dipoles [START_REF] Safari | Body-assisted van der Waals interaction between two atoms[END_REF]- [START_REF] Yuan | Near-surface effect on interatomic resonance interaction[END_REF], as well as long range dipole-dipole interactions [START_REF] Newman | Observation of long-range dipole-dipole interactions in hyperbolic metamaterials[END_REF].

Search of Casimir-Polder repulsion

Development of nanotechnologies goes hand in hand with drastic reduction of the system size. Under this perspective, understanding Casimir or van der Waals interaction and even engineering it with new materials, becomes a major challenge for micro and nano devices [START_REF] Woods | Materials perspective on Casimir and van der Waals interactions[END_REF]. Ultimately, if a composition of one or several materials is able to reverse the sign of the force going from attractive to repulsive interaction, one can suppress friction opening the door for (opto-)mechanical nanodevices. An important step was achieved in 2011 with the prediction of a repulsive Casimir force between a pair of axionic topological insulators (without dispersion in the axionic coupling strength) [START_REF] Grushin | Tunable Casimir Repulsion with Three-Dimensional Topological Insulators[END_REF], and subsequently, a similar prediction of Casimir repulsion between a pair of Chern insulators at zero temperature [START_REF] Rodriguez-Lopez | Repulsive Casimir Effect with Chern Insulators[END_REF]. The repulsion arises at sufficiently large separations, where the Casimir-Lifshitz energy is dominated by the low-frequency modes, for which the longitudinal conductivity is negligible and the Hall conductivity is topologically quantized. As the sign of the Hall conductivity of a Chern insulator can be changed by simply turning the Chern insulator around, this also enables one to control the sign of the Casimir force.

Achieving CP repulsion is also of considerable practical importance to develop for instance nanosensors or robust QE-material interface for quantum technology applications. We discussed in Chapter 4, how CP interaction can be tuned and eventually reversed by a resonant coupling between a QE and surface modes. However, these examples involve a QE at an excited state with short lifetime, thus considerable reducing its interest. Would it be possible to obtain CP repulsion for long-lived state of QE? To the best of our knowledge, no experimental demonstration of such inversion of the CP interaction, which necessarily should occur over a broad frequency range, has been reported so far. Nevertheless, numerous theoretical proposals, involving such new material as nanobodies, nanostructures, magnetic and topological materials, have predicted CP repulsion, which should inspire future experimental realizations. We give now an overview of the various systems that are predicted to give CP repulsion

Nanostructures

Repulsive CP interaction can be obtained using several geometrical configurations for an atom in a long-lived state. It was shown for example that a dielectric slab with a circular opening creates repulsive CP interaction for an atom with anisotropic polarization [START_REF] Milton | Repulsive Casimir and Casimir-Polder forces[END_REF], [START_REF] Shajesh | Repulsive long-range forces between anisotropic atoms and dielectrics[END_REF]. Anisotropy in polarization of the QE is a key ingredient in the prediction of CP repulsion. Such a requirement is also pointed out in other theoretical works as: a conducting toroid [START_REF] Abrantes | Repulsive van der Waals interaction between a quantum particle and a conducting toroid[END_REF] and a 1D nano-grating [START_REF] Buhmann | Impact of anisotropy on the interaction of an atom with a one-dimensional nano-grating[END_REF], in the non-retarded regime; a metallic plate with a hole [START_REF] Levin | Casimir Repulsion between Metallic Objects in Vacuum[END_REF], [START_REF] Eberlein | Casimir-Polder interaction between a polarizable particle and a plate with a hole[END_REF] (see Figure 5.1); a dielectric ring [START_REF] Marchetta | Geometrical dependence in Casimir-Polder repulsion[END_REF]; near edges [START_REF] Milton | Casimir-Polder repulsion near edges: Wedge apex and a screen with an aperture[END_REF] and at the wedge of a conductor [START_REF] Milton | Repulsive Casimir and Casimir-Polder forces[END_REF]. To better understand the impact of nano-structuration of a macroscopic body on the CP interaction, P. Venkataram and co-authors have derived the lower (attractive) and upper (repulsive) bonds on the CP force [START_REF] Venkataram | Fundamental limits to attractive and repulsive Casimir-Polder forces[END_REF]. They found that nanostructuring does not drastically improve the attractive character of the CP force with respect to planar materials, but repulsion can be largely improved with respect to the current designs. This work opens the door for search of optimum nano-structuring of material for CP repulsion. Nanostructuration has also been used to create left-handled materials. From perfect reflecting lefthanded material, repulsive CP force was predicted [START_REF] Yuan | Repulsive Casimir-Polder potential by a negative reflecting surface[END_REF]. This effect comes from the extra -phase shift at reflexion due to the negative refractive index. However due to Kramers-Kronig relations perfect lensing could not be maintained at all frequencies [START_REF] Milton | Repulsive Casimir and Casimir-Polder forces[END_REF], reducing repulsive CP force to short-lived excited state [START_REF] Sambale | van der Waals interaction and spontaneous decay of an excited atom in a superlens-type geometry[END_REF], where resonant transitions to low-lying states largely contribute to the CP interaction [START_REF] Wylie | Quantum electrodynamics near an interface. II[END_REF], [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF].

Magnetic polarization and magnetic materials

If one considers a magnetically polarized atom, repulsive CP interactions are found with conducting walls [START_REF] Boyer | Recalculations of Long-Range van der Waals Potentials[END_REF], and for variety of slabs such as perfect conducting, dielectric, and superconducting [START_REF] Skagerstam | Theory of Casimir-Polder forces[END_REF].

It was also shown that the general attractive CP interaction of electric dipole can be counteracted by a repulsive magnetic interaction created by a permanent magnetic moment [START_REF] Bimonte | Impact of magnetic properties on atom-wall interactions[END_REF]. The latter can be dominant providing that the permanent magnetic moment is large enough [START_REF] Sinha | Repulsive vacuum-induced forces on a magnetic particle[END_REF]. If a magnetically polarized atom is found to have repulsive CP interaction in front of an electrically polarised wall, it was shown that the opposite configuration, i.e. an electric dipole in front of a magnetic material, also leads to repulsive CP interaction [START_REF] Buhmann | Ground-state van der Waals forces in planar multilayer magnetodielectrics[END_REF]. One shall note that this configuration does not obey the same asymptotic power laws than the standard attractive CP interaction, see Figure 5.2. With the development of metamaterial showing strong magnetic resonance in the microwave [START_REF] Smith | Composite Medium with Simultaneously Negative Permeability and Permittivity[END_REF] , THz [START_REF] Padilla | Dynamical Electric and Magnetic Metamaterial Response at Terahertz Frequencies[END_REF] and IR [START_REF] Zhang | Experimental Demonstration of Near-Infrared Negative-Index Metamaterials[END_REF] spectral region, interest for magnetic materials to generate repulsive CP interaction has recently grow [START_REF] Alhambra | Casimir forces on atoms in optical cavities[END_REF], [START_REF] Sambale | van der Waals interaction and spontaneous decay of an excited atom in a superlens-type geometry[END_REF], [START_REF] Buhmann | Ground-state van der Waals forces in planar multilayer magnetodielectrics[END_REF], [START_REF] Banishev | Measurement of the gradient of the Casimir force between a nonmagnetic gold sphere and a magnetic nickel plate[END_REF], [START_REF] Sambale | Resonant Casimir-Polder forces in planar meta-materials[END_REF]. However, experimental evidence of such repulsion of magnetic material for long-lived atomic states is still lacking. Indeed, strong permeability in actual metamaterials is achieved using resonant nanostructure (for example; split ring resonator) which limits the interesting magnetic property to a narrow frequency range. It is then challenging to overcome the broad-spectrum attractive electric response of the material. 

Topological materials

Topological materials are materials whose band structures have nontrivial topology, i.e., there are Dirac points which are effectively topological charges (magnetic monopoles) in momentum space, and are thus characterized by nonzero Chern numbers which are (positive or negative) integers [START_REF] Vanderbilt | Berry Phases in Electronic Structure Theory: Electric Polarization, Orbital Magnetization and Topological Insulators[END_REF]. Unconventional charge and spin transports results from non-trivial topology such as dissipation-less surface spin-preserved conduction in topological insulator, and integer, spin and anomalous quantum Hall effects [START_REF] Gupta | The Role of Topology in Materials[END_REF]. The unusual conductivity of topological materials naturally leads to interesting electromagnetic and optical properties [START_REF] Qi | Inducing a Magnetic Monopole with Topological Surface States[END_REF]. In particular, it was shown that electromagnetic effects of a magnetic topological insulator can be described by an effective axion term [START_REF] Qi | Topological field theory of time-reversal invariant insulators[END_REF]. The optical properties of such axionic system was further investigated by Crosse and co-authors [START_REF] Crosse | Electromagnetic Green's function for layered topological insulators[END_REF]. They show that the discontinuity of the axion at a topological insulator's interface with the vacuum causes the transverse electric and magnetic component to mix, a property closely related to the Hall conductance of an anomalous quantum Hall material, which breaks the time-reversal symmetry and leads to nonreciprocity. Using these results, the same authors derive the CP interaction of a perfectly reflecting nonreciprocal medium with a nondispersive axion coupling strength, and show that oscillation between repulsive and attractive CP interaction can be achieved under specific orientations of the atomic dipole [START_REF] Fuchs | Casimir-Polder shift and decay rate in the presence of nonreciprocal media[END_REF], see Figure 5.3. Those results were recently confirmed and extended to more realistic nonreciprocal materials, i.e., Chern insulators with dispersive conductivity response described by the Qi-Wu-Zhang model [START_REF] Lu | Spontaneous emission of a quantum emitter near a Chern insulator: Interplay of time-reversal symmetry breaking and Van Hove singularity[END_REF]. Similar mechanisms are also present in graphene subjected to external magnetic field, indicating that an anomalous quantum Hall effect is responsible for nonreciprocity and discontinuities of the CP potential [START_REF] Cysne | Tuning the Casimir-Polder interaction via magneto-optical effects in graphene[END_REF]. The idea of constructing an atom trap using a cavity made of an internal layer of negative refractive-index metamaterial and an external layer of topological insulator has also been proposed [START_REF] Fang | Enhancement of long-distance Casimir-Polder interaction between an excited atom and a cavity made of metamaterials[END_REF]. Using an effective axion term, Marachevsky and Pis'mak show that an atom in front of a Chern insulator can be described by an antisymmetric part of the atomic dipole moment correlation function, which is a key ingredient for CP repulsion [START_REF] Marachevsky | Casimir-Polder effect for a plane with Chern-Simons interaction[END_REF]. Other examples of such antisymmetric components were used in anisotropic quantum vacuum environment to predict quantum interference in V-type transitions [START_REF] Agarwal | Anisotropic Vacuum-Induced Interference in Decay Channels[END_REF] and long-lifetime ground state coherence for -type transitions [START_REF] Lassalle | Long-lifetime coherence in a quantum emitter induced by a metasurface[END_REF]. 

Giant thermal Casimir-Polder interactions with 2D crystals

Last but not least, we look at 2D crystals, in particular graphene; these are materials with atom-sized thicknesses (∼ 0.1 nm), and thus not quite the same as nanoscale metamaterials. As we mentioned in Chapter 2, in the Lifshitz regime, the power-law scaling of 𝑧 -3 in the CP energy originates in the zerofrequency mode, which come from photons for a system consisting of regular dielectric materials bathed in radiation. Photons propagate with speed 𝑐, thus dimensional analysis dictates that the thermal wavelength must involve the ratio ℏ𝑐/𝑘 𝐵 𝑇. On the other hand, it was pointed out in Ref. [START_REF] Gómez-Santos | Thermal van der Waals interaction between graphene layers[END_REF] that the thermal wavelength is shorter for the case of graphene, for which there is an additional zero-frequency mode that comes from thermally excited charges, owing to the absence of graphene's gap. The charge fluctuations propagate with Fermi velocity 𝑣 𝐹 (of the order of 10 6 m. s -1 ), which implies that the corresponding thermal wavelength is 𝜆 𝑇 = ℏ𝑣 𝐹 /𝑘 𝐵 𝑇. Hence, the Lifshitz regime can occur at the much smaller separation of 150 nm rather than 7 µm. There can thus be a giant thermal effect for graphene, where the thermal Casimir force is much larger. To date, one experimental proposal has been made to measure this effect [START_REF] Bimonte | How to observe the giant thermal effect in the Casimir force for graphene systems[END_REF]. The impact of the thermal effect on the atom-surface interaction is theoretically investigated in [START_REF] Klimchitskaya | Impact of graphene coating on the atom-plate interaction[END_REF], for a ground-state atom interacting with graphene on four different kinds of substrate: gold, silicon, aluminum oxide and silicon dioxide. It was funded that thermal effect becomes stronger and sets in at shorter separations with a decrease in the substrate's static dielectric permittivity, being strongest for graphene-coated silicon dioxide.

Outlook

In this review, we give a quick overview of the quantum electrodynamics (QED) framework that describes atom-surface interactions, pioneered by H. B. G. Casimir and D. Polder. We also describe a series of experiments that validate the QED approach from nano to macro scales, including the effects of vacuum and thermal fluctuations as well as surface nanostructuring. After such thorough experimental scrutiny, it seems only natural that the study of atoms or molecules in interaction with dielectric/metallic surfaces is now referred to simply as Casimir-Polder (CP) physics.

The revolutionary concept of exploiting CP interactions, beyond simply studying them, has recently emerged in the growing field of quantum technologies. In particular, utilizing CP forces to achieve atom trapping at subwavelength distances from dielectric walls, without diffraction limitations, has attracted significant theoretical and experimental interest [START_REF] Chang | Colloquium : Quantum matter built from nanoscopic lattices of atoms and photons[END_REF]. Nevertheless, one cannot achieve stable 3D trapping of atoms relying exclusively on attractive CP forces (no-go theorem) [START_REF] Kardar | Constraints on Stable Equilibria with Fluctuation-Induced (Casimir) Forces[END_REF]. For this reason, tuning atom-surface interactions is a key issue in CP physics. Arguably, the biggest achievements towards CP tuning have been demonstrated with excited state atoms taking advantage of the resonant coupling that occurs between atomic dipole transitions and surface polariton resonances [START_REF] Fichet | van der Waals interactions between excitedstate atoms and dispersive dielectric surfaces[END_REF]. After the pioneering demonstration of CP repulsion in atomic vapor cells [START_REF] Failache | Resonant van der Waals Repulsion between Excited Cs Atoms and Sapphire Surface[END_REF], the possibility of tunable CP interactions via temperature was also demonstrated [START_REF] Laliotis | Casimir-Polder interactions in the presence of thermally excited surface modes[END_REF]. A more recent breakthrough in CP tunability was the use of metamaterials with tunable surface plasmon polariton resonances [START_REF] Chan | Tailoring optical metamaterials to tune the atom-surface Casimir-Polder interaction[END_REF]. All the above schemes are severely limited by the short lifetime of the excited states, but it has been proposed that dressing ground (attractive) states with excited (repulsive) states with an optical field can be a way to contour such limitations [START_REF] Chang | Trapping atoms using nanoscale quantum vacuum forces[END_REF], towards all-CP trapping. Over the last decade, several important theoretical works have also proposed other schemes to achieve CP repulsion involving either nanostructure, magnetic or topological material. Anisotropy in the electromagnetic field coupling for both the quantum emitter and the material seem to be the key ingredient in the prediction of CP repulsion.

An interesting direction in the field of CP experiments is highly excited (Rydberg) atoms. The magnified properties of Rydberg atoms (such as atomic radius, polarizability, dipole moment…) make them interact strongly with their neighbors thus favoring the observation of collective phenomena and making them good candidates for quantum technology applications. Nevertheless, Rydberg atoms also interact strongly with surrounding surfaces (the interactions scale as n 4 , where n is the effective quantum number). Eventually, many common approximations made in the second-order perturbation QED theory break down in the case of Rydberg-surface interaction. For instance, the dipole-dipole interaction approximation is no longer valid when the atomic radius is non negligible compared to the atom-surface distance and quadrupole-quadrupole interaction terms need to be considered [START_REF] Crosse | Thermal Casimir-Polder shifts in Rydberg atoms near metallic surfaces[END_REF]. Additionally, perturbative approaches are not applicable when the CP shifts are not negligible compared to the energy level spacing [START_REF] Ribeiro | Casimir-Polder interaction from exact diagonalization and surface-induced state mixing[END_REF]. It is probably for this reason that experimental attempts to probe CP interactions with high-lying Rydberg atoms in thin cells [START_REF] Kübler | Coherent excitation of Rydberg atoms in micrometre-sized atomic vapour cells[END_REF] or porous media [START_REF] Failache | Spectroscopy of Atoms Confined to Micrometric Pores in Glass[END_REF], [START_REF] Villalba | Rb optical resonance inside a random porous medium[END_REF] have been in disagreement with standard CP theory. Another fascinating aspect of CP interactions with Rydberg atoms is the coupling with surface phonon-polariton resonances. Although most Rydberg couplings occur in the microwave range, far from the surface resonances of dielectrics (mid-infrared range), the possibility of achieving strong coupling of Rydberg atoms with resonators and structured surfaces has been theoretically investigated [START_REF] Sheng | Strong Coupling of Rydberg Atoms and Surface Phonon Polaritons on Piezoelectric Superlattices[END_REF]. Such schemes could provide a path for tuning Rydberg-surface interactions with possible implications in the field of quantum technologies interfacing Rydberg atoms with solid-state platforms such as thin cells [START_REF] Ripka | A room-temperature single-photon source based on strongly interacting Rydberg atoms[END_REF], hollow core fibers [START_REF] Epple | Rydberg atoms in hollow-core photonic crystal fibres[END_REF] and nanofibers [START_REF] Rajasree | Generation of cold Rydberg atoms at submicron distances from an optical nanofiber[END_REF].

Mastering CP interactions is also of key importance for fundamental test in physics. For instance, accurate measurement of the CP interaction would allow searching for possible deviation of the gravitational interaction or the presence of a fifth fundamental interaction at the micrometer length scale or lower. However, measurements reported so far, have limited relative accuracy, around 10%, and limited control of the atom-surface distance. Additionally, in many cases, interpreting the experimental results requires an a priori assumption on the distance dependence of the interaction that is usually validated by fitting to the experimental data. A direct and accurate measurement of the CP interaction will require measurement of the energy shift of quantum emitters located at a known distance from the interface. A possible approach was tested by Sorrentino et al., where the authors transport a cold gas close to a transparent glass with a moving optical lattice [START_REF] Sorrentino | Quantum sensor for atom-surface interactions below 10 μ m[END_REF]. A similar experiment aiming at measuring CP using Raman interferometry of Wannier-Stark states has been proposed by the Paris's group at SYRTE [START_REF] Wolf | From optical lattice clocks to the measurement of forces in the Casimir regime[END_REF], [START_REF] Alauze | A trapped ultracold atom force sensor with a $\upmu$m-scale spatial resolution[END_REF]. Ultra-narrow transitions in two-electron atoms have been also considered for precise spectroscopic measurements [START_REF] Derevianko | Mapping Out Atom-Wall Interaction with Atomic Clocks[END_REF].

Finally, another important experimental goal of CP physics is precision measurements in moleculesurface interactions. Molecules are of theoretical interest because of their complex internal structure as opposed to atoms. For example the possibility of a chiral component of the CP interaction has been proposed when chiral molecules are located in front of chiral surfaces (for a review on chiral metamaterials see [START_REF] Soukoulis | Past achievements and future challenges in the development of three-dimensional photonic metamaterials[END_REF]). Additionally, the effects of molecular orientation with respect to the planar surface (CP anisotropy) have been investigated theoretically [START_REF] Bimonte | Spectroscopic probe of the van der Waals interaction between polar molecules and a curved surface[END_REF], [START_REF] Thiyam | Anisotropic contribution to the van der Waals and the Casimir-Polder energies for CO 2 and CH 4 molecules near surfaces and thin films[END_REF], [START_REF] Antezza | Casimir-Polder force and torque for anisotropic molecules close to conducting planes and their effect on CO 2[END_REF]. Moreover, CP interactions with molecules are of importance in areas such as physical chemistry (studying molecular adsorption, desorption or catalysis) and could surprisingly be relevant in areas such as atmospheric physics [START_REF] Antezza | Casimir-Polder force and torque for anisotropic molecules close to conducting planes and their effect on CO 2[END_REF], [START_REF] Fiedler | Impact of effective polarisability models on the near-field interaction of dissolved greenhouse gases at ice and air interfaces[END_REF] and studies of the greenhouse effect. Up to now, experimental measurements of the CP interaction between molecules and surface have been scarce. After the first attempts to measure the mechanical displacement of a thermal molecular beams [START_REF] Shih | van der Waals forces between a Cs atom or a CsCl molecule and metal or dielectric surfaces[END_REF], [START_REF] Raskin | Interaction between a Neutral Atomic or Molecular Beam and a Conducting Surface[END_REF], [START_REF] Shih | Investigation of the interaction potential between a neutral molecule and a conducting surface[END_REF] in the 60' and 70's, and after the observation of surface-induced vibrational transitions induced in N2 by the anisotropic part of the CP potential [START_REF] Boustimi | Surface-induced vibrational transition of metastable nitrogen molecules passing through a nano-slit grating[END_REF], some modern experiments have been performed aiming at measuring CP forces with an atomic force microscope (AFM) [START_REF] Wagner | Non-additivity of molecule-surface van der Waals potentials from force measurements[END_REF] or with the diffraction of macromolecule beams in nano-gratings [START_REF] Brand | A Green's function approach to modeling molecular diffraction in the limit of ultra-thin gratings: A Green's function approach to modeling molecular diffraction[END_REF]. More recently, molecular gases have been spectroscopically probed by high-resolution rovibrational selective reflection at micrometric distances away from dielectric surfaces using the newly developed quantum cascade laser (QCL) sources [START_REF] Mudiayi | Linear probing of molecules at micrometric distances from a surface with sub-Doppler frequency resolution[END_REF]. These experiments pave the way for state selective, precision spectroscopy of the CP interaction with molecules.
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 31 Figure 3.1: (a) Principle of the experiment performed in[START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF]. The combination of an attractive CP potential and a repulsive potential, created by a blue detuned evanescent field, form a barrier that reflects atoms of sufficiently low kinetic energy. (b) Experimental measurements of the CP shift as a function of distance detailed in[START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF] along with theoretical predictions of a purely retarded potential in 1/z 4 (blue), purely electrostatic van der Waals potential in 1/z 3 (red) and a full QED calculated potential (green). Figures are adapted from[START_REF] Bender | Direct Measurement of Intermediate-Range Casimir-Polder Potentials[END_REF].
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 32 Figure 3.2: (a) A diagram to scale of the experiment reported in [15] with typical data used to measure the trap dipole oscillation frequency. (b) Experimental measurement of the normalized dipole oscillation frequency 𝛾 𝑥 = 𝜔 𝑥 -𝜔 𝑥 ′
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 33 Figure 3.3: Thin cell experiments for measurements of the CP atom-surface interaction between a Cs(6D5/2)atom and YAG windows. The experiment uses a stepwise excitation scheme where cesium atoms are first pumped to the 6P3/2 level and subsequently probed at the 6P3/26D5/2 transition at 917nm. The probe laser is at almost normal incidence with respect to the thin cell walls. Both reflection and transmission of the probe are detected and analyzed in order to measure CP interactions. Figures are adapted from[START_REF] Fichet | Exploring the van der Waals atom-surface attraction in the nanometric range[END_REF] 
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 41 Figure 4.1: (a) Experimental set-up of the experiments reported in [17]. The experiments use a stepwise excitation scheme, pumping the atoms to the 6P1/2 level and then performing selective reflection on the 6P1/27D3/2 level. Collisions and radiation trapping create a thermal population of excited atoms at the 6P1/2 level. (b) Experimental measurement of the van der Waals coefficient of the Cs(7D3/2)-sapphire interaction as a function of temperature, along with theoretical predictions based on different measurements of the dielectric constant of sapphire (dotted and dashed black lines). Figures are adapted from ref [17].
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 42 Figure 4.2: Left panel: Schematic of selective reflection spectroscopy set-up on a cesium vapour (artistically represented as yellow dots) with a metasurfaces made of a periodic arrangement of nano-slits. This figure is extracted from [123]. Right panel: Real part (A) and Imaginary part (B) of the differential Van der Waals coefficient (red dots) as function of the plasmonic resonance position. The panel (C) and (D) correspond to the theoretical prediction in the non-retarded regime (dashed-dotted curve) and in the retarded regime (shaded gray surface). The figure is extracted from [124].
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 51 Figure 5.1: (a) Schematic representation of an elongated metal particle (polarization along z) and a thin metal plate with a hole. (b) At 𝑧 = 0, the fluctuating dipole are unaffected by the plate. (c) Schematic of the particle-plate interaction energy. It is zero at 𝑧 = 0 and 𝑧 → ∞, and attractive for 𝑧 ≫ 𝑊, so a repulsive region should be present close to the plate. The figure is extracted from[START_REF] Levin | Casimir Repulsion between Metallic Objects in Vacuum[END_REF] 
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 52 Figure 5.2: Asymptotic power laws of the force between various polarizable object.The heading e and m stand for electric and magnetic interaction. The table is extracted from[START_REF] Buhmann | Ground-state van der Waals forces in planar multilayer magnetodielectrics[END_REF] 
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 53 Figure 5.3: Frequency shift of a two-level atomic dipole normalized to the vacuum transition linewidth as function of the surface distance in wavenumber unit. The plain (dashed) lines correspond to a material with (without) axion contribution. The green and blue curves correspond to a positive and negative axion coupling. The figure is extracted from [191].
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